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Polymeric materials offer many advantages for low Earth orbit applications
including ease of processing and reduced payload-to-orbit costs derived from a reduction
in weight. However, over the last two decades it has been well established thét polymers
used in the construction of space vehicles undergo severe degradation resulting in
reduced spacecraft lifetimes. These materials degrade because spacecraft surfaces must
endure a high atomic oxygen (AO) flux, bombardment by low and high-energy charged
particles, and thermal cycling along with the full spectrum of solar radiation. Many
studies have been conducted in an effort to determine the mechanism of degradation
primarily caused by surface reactions with oxygen atoms. Unfortunately, these studies
have all been carried out affer exposing these highly reactive surfaces to air prior to
analysis, thus introducing artifacts that do not represent the true effect of the space
environment. Recent testing of polymers containing the nanostructured Si-O frameworks

known as POSS (polyhedral oligomeric silsesquioxanes) has revealed promising AO




resistant properties. These POSS frameworks are comprised of a three dimensional
inorganic core with a 3:2 O-Si ratio, surrounded by tailorable organic groups.
Incorporation of POSS nanocomposites into polymers results in increased use and
decomposition temperatures, improved mechanical properties, and oxidation resistance.
A variety of POSS-polymers were exposed to AO produced by a unique hyperthermal
oxygen atom source capable of producing a neutral, steady state flux of oxygen atoms
devoid of any contaminating species or background radiation. Analysis reveals that these
POSS-polymers rapidly form a ceramic-like, passivating Si02 layer that prevents further
degradation of the underlying virgin polymer. This dissertation presents several
characterization studies of the surfaces of newly synthesized POSS-containing polymers
before and after exposure to AO. Various POSS-containing copolymers were examined
because they have diverse properties and might perform well in different space-related
applications. The exposed surfaces were characterized using X-ray photoelectron
spectroscopy, and atomic oxygen reaction efficiencies were calculated using stylus
surface profilometry. Experiments were carried out in-situ because air exposure modifies
the reactive surfaces formed during exposure to AO; thus, these studies provide insight
on how AO induces chemical state changes on these polymer surfaces and will enable

future development of other novel space survivable materials.




CHAPTER 1
INTRODUCTION

1.1 Research Objective

The main objective of the research presented in this dissertation was to gain a
fundamental understanding of the reaction of atomic oxygen (AO) on polyhedral
oligomeric silsesquioxane (POSS)-containing copolymers and traditional polymer
surfaces. This knowledge will be used to help develop space-survivable polymeric
materials with superior properties. During this research, a variety of POSS-containing
polymers were synthesized and subsequently characterized before and after AO exposure
in an ultrahigh vacuum system capable of performing ox}er twenty different spectroscopic
analysis techniques such as X-ray photoelectron spectroscopy (XPS), Auger electron
spectroscopy (AES), ion scattering spectroscopy (ISS) and others. This system 1is
comprised of several adjoining chambers which also house a unique hyperthermal
oxygen atom source described in Chapter 2. The chemical state changes occurring on the
surfaces of these AO exposed polymers were determined through in-situ XPS, and atomic
oxygen reaction efficiencies were calculated using stylus surface profilometry. This
chapter provides a brief introduction to the environment encountered in space that is
responsible for material degradation. Also provided is a general introduction to POSS

and the ultra-high vacuum (UHV) system used to conduct in-situ characterization of

POSS containing polymers.




1.2 The Space Environment

Although satellites in orbit have continued to proliferate to meet the chgnging
needs of society, there is an even larger need for affordable access to space. More remote
areas of the globe are becoming explored and populated, requiring the extension of
telecommunications and weather networks to provide for the needs of the burgeoning
population. Scientists are looking more toward missions to explore the outer reaches of
the galaxy and monitor the health, weather and resources of our own planet. With the
building of the International Space Station, there will also be a need for easy access for
resupply and transportation of inhabitants to and from Earth. However, the limiting
factor hindering the achievement of these missions is cost. Currently it costs about
$10,000/1b to put a payload into orbif. The main driver of cost for space missions is the
cost of materials. Materials are costly not only in terms of weight but also in availability,
survivability, processing and manufacturing.

In an effort to resolve these material issues, scientists have increasingly turned to
polymers. Polymers are attractive and desirable materials for use in space applications
because they are lightweight and are typically much easier to process, using techniques
such as extrusion, casting and injection molding at relatively low temperatures, than
metals and ceramics. They also tend to be more flexible and offer a wide variety of
choices from optically transparent to opaque, rubbery to stiff and conducting to
insulating.

Over the last fifteen years, it has been well established through space-based
experiments and ground simulations that polymeric materials and films, widely used in
the construction of space vehicles, undergo severe degradation as a result of the

aggressive environment encountered in low Barth orbits (LEO) (altitudes ranging from




200 to 700 km). In this high vacuum environment, these materials are subjected to the
full spectrum of solar radiation and must endure constant thermal cycling and
bombardment by low and high-energy charged particles as well as high incident fluxes of
AO.

Each type of orbit has its advantages and diéadvantages but LEO is generally
preferred. In contrast to LEO, geosynchronous (GEO) satellites reside over one spot on
the Earth at all times, thus requiring only one satellite for a particular area. Ground
antennas need only be locked on that one satellite. The high altitude of GEO allows three
evenly spaced satellites to attain near-global coverage and greatly reduces the number of ‘
inter-satellite links. However, a key drawback to GEO satellites is the large transmission
delay resulting from the greater orbital distances (60,000 km), as well as the large amount
of power necessary for transmission. LEO satellites require less power and exhibit much
faster voice and data transmission rates. Because of these smaller power requirements,
LEO satellites can be much smaller and less complex. Launch costs are also smaller
because several LEO satellites can often be launched simultaneously. However,
constellations of LEO satellites .are required to attain global coverage driving up system
costs. Furthermore, the cost continues to grow because most LEO satellites must be
replaced every 5-10 years due to the harsh environment these satellites encounter in LEO,
resulting in material degradation and subsequent malfunction.

1.2.1 Atomic Oxygen

Atomic oxygen is the predominant species in LEO responsible for material
degradation with a concentration of 10® atoms/cm”. It is formed by the photo-dissociation
of molecular oxygen in the upper atmosphere. The reverse reaction in which two O atoms

recombine to form an O, molecule does not have a high reaction rate because it requires a




teratomic collision. The third atom is needed to carry away the energy released through
formation of O,. For this reason the molecular oxygen density is less than one-tenth the
atomic oxygen density over this altitude range.

The erosive potential of atomic oxygen 18 substantially increased as a result of the
high orbiting speeds of spacecraft of 8 to 12 km/s. At these relative speeds the actual
flux of the impingement is ~10"® atoms/cm? with kinetic energies of ~5 eV [1-4]. Atomic
oxygen interacts with these spacecraft surfaces resulting in mass loss or gain, and
changes in surface morphology, optical, mechanical and thermal properties.  These
interactions lead to changes in solar absorptivity and heat emissivity degrading system
performance through thermal imbalances and reductions in solar array electrical power
output. The energetic atomic oxygen can also react with spacecraft surfaces forming
volatile oxidation products that can contaminate sensitive satellite optical components.
These surfaces may also be populated with exited state fragments and radicals which
could lead to crosslinking and embrittlement. Several studies have also shown that
atomic oxygen works synergistically with vacuum ultraviolet radiation (VUV) resulting
in increased erosion rates of some polymers systems which exhibit low erosion yields
when exposed to atomic oxygen alone as discussed below.

1.2.2 Literature Review on Materials Degradation in Space

A review of the literature pertaining to the development and testing of new
polymer systems and protective coatings is preseﬁted in this section. Table 1-1 lists the
bond diésociation energies for bonds found in commonly used space-qualified polymers
Kapton and Flourinated Ethylene Propylene (FEP) Teflon [5]. With the exception of the
CF,-F bond in FEP Teflon the energies to break these bonds are very low, < 4.5 eV.

Furthermore, the surfaces which face the direction of travel of spacecraft in LEO




encounter atomic oxygen with collision ehergies of approximately 5.0 eV. An option to
protect polymers from these environments is to deposit an inorganic coating. Commonly
used inorganics tend to have bond dissociation energies larger than those of organic
polymers (Table 1-1), as well as having an enhanced ability to absorb vacuum ultraviolet
radiation. The wavelength of electromagnetic radiation required to break these bonds
represents less than 0.001% of the extraterrestrial solar spectrum [6, 7]. However, failure
of the coating either by mechanical or thermal cycling or micro-meteor impacts will
expose virgin material, resulting in rapid, localized degradation and subsequent system

failure.

Table 1-1: Bond dissociation energies for commonly used space polymers and inorganic
materials [5].

Dissociation

Bond Energy (eV) A ([nm]) Material
-CsH4C(=0)- 3.9 320 Kapton
C-N 3.2 390 Kapton
CF;-CF, 43 290 FEP Teflon
CF;-F 5.5 230 FEP Teflon
Si-O 8.3 150 Silica
Zr-O 8.1 150 Zirconia
Al-O 53 230 Alumina

The degradation of polymer materials in space has been studied for many years on
space missions (STS missions and NASA Long Exposure Duration Facility (LDEF) in
orbit for 70 months) [3, 8-15] and in simulation facilities [16-23]. Polymeric films have
been and are being used extensively on the surfaces of space vehicles mainly as thermal

control surfaces. In particular, the polyimide Kapton has been studied at length, since it




is used as a flexible substrate for light weight, high power solar arrays because of its
inherent strength, temperature stability, excellent insulation properties, UV stability and
IR transparency [24]. These studies have determined that Kapton is highly susceptible to
AO attack and has an erosion yield of 3x10"%*cm’ per atom of O.  The effects of atomic
oxygen on about 300 different materials have been investigated in three Space Shuttle
flight experiments and one satellite recovery [3, 8, 25]. Table 1-2 lists the reaction

efficiencies of some of the most commonly used spacecraft polymers [22].

Table 1-2: Materials Reactivity Data in LEO [22].

Material Rel. Rates®  Reaction Efficiency cm3/atom
LEO

Kapton 1 3.0x 10-24

Polyethylene - 0.9 3.7x 10-24

FEP Teflon <0.03 <0.05 x 10-24

FEP Teflon 0.6 1.0x 10-24

(Solar Max)

Mylar 1 3.4x10-24

Polybenzimidazole 0.5 1.5 x 10-24

Polysulfone 0.8 2.4% 10-24

Siloxane-imide block 0.1 0.3 x 10-24

copolymers(25%

175%)

Epoxy 0.6 1.7x10-24

*Mass loss rates in LEO normalized to Kapton rate.
In an effort to determine the degradation mechanism of Kapton, Eck and Hoffman

[26] exposed Kapton surfaces to low flux, low-energy oxygen ion bombardments




accompanied by modulated ion beam mass spectrometry. This study confirmed the
evolution of CO as a result of oxygen ion bombardment.

Arnold, Peplinski and Cascarano [27] exposed Kapton samples to oxygen atoms
produced by a microwave discharge atom beam source. The oxygen atoms produced
from this source had translational energies of 0.14 eV at a flux in excess of 2 x 10" cm?.
At these low translational energies, no observable changes to the Kapton samples were
observed, suggesting a strong dependence on incident translational energy of the reaction
of atomic oxygen with polyimide films.

Golub, Wydeven and Cormia [18] performed comparative XPS studies of Kapton
polyimide films exposed to LEO on STS-8 and Kapton films exposed to oxygen atoms
produced from a ground-based radio-frequency (RF) O plasma source. Their
comparative XPS ana]ysfs revealed that in addition to the surface erosion seen on both
sets of samples, the Kapton samples exposed to the RF plasma source had a higher uptake
of oxygen than the STS-8 samples. This was attributed to the high O, concentration in
the plasma reactor which would react with radicals being formed on Kapton as etching
was taking place. As a result, oxygen would be incorporated into the polymer.

In 1990, Koontz, Albyn and Leger [28] presented a critical evaluation of existing
thermal atom testing methods for materials selection in LEO. In their study they
compared the reaction efficiencies of various polymers flown in LEO to those exposed to
a RF plasma asher and a flowing afterglow environment. A clear distinction between
both of these environments and the actual LEO environment was presented in this study.
They indicated that the simulated environments employing the aforementioned methods

produce atoms with low kinetic energies, have a high concentration of molecular oxygen




and charged particles, and generate unwanted UV radiation which all combined,
significantly change the atomic oxygen reactivities of the samples. The reaction
efficiencies of various polymer samples exposed to these systems varied by several
orders of magnitude compared to those observed in LEO.

Ritchie and Gjerde [29] investigated atomic oxygen resistant coatings on Kapton
film. In particular they studied sputtered SiO,, SiO,-fluoropolymer mixtures and indium-
tin oxide. Although the Si0O, coatings showed promise, many problems were encountered
using the magnetron sputtering technique. Shortly after, Rutledge and Mihelcic [30]
stipulated that coatings manufactured in this manner would be compromised by defects
present as a result of surface anomalies occurring during the deposition process, handling
or micrometeoroid and debris bombardment in LEO. Through experimentation using a
plasma source, they demonstrated that these defects provided a pathway for atomic
oxygen to reach the underlying polymer allowing oxidation and subsequent undercutting
to occur. A NASA study by DeGroh, Terlep and Dever [16] also found similar results.

A NASA study by DeGroh and Banks [13] on Aluminum-Kapton multilayer
insulation samples flown on the LDEF revealed severe atomic oxygen undercutting of the
samples as shown in Figure 1-1. This study analyzed these occurrences and used a
Monte Carlo model to simulate them. They determined that upon entering a hole in the
protective coating, atomic oxygen has certain probability of reaction on first impact for a
particular materigl (only 14% for Kapton). The unreacted atomic oxygen is scattered and
has multiple opportunities to react with the substrate material, thus causing undercutting

as depicted in Figure 1-2.




Figure 1-1. Atomic oxygen undercutting aluminum-kapton multilayer insulation samples
flown on the Long Duration Exposure Facility, reprinted with permission from AIAA,
originally published in reference[13].
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Silicone coatings have also been studied extensively and display good resistance

to atomic oxygen [31, 32], however further ground-based [33] and in flight studies [34]

have shown that the use of moderate to high volatility silicones can lead to the release of

polymeric scission fragments during combined AO and VUV attack. These fragments
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condense on neighboring optical surfaces leading to contamination and reduced power

output of solar arrays.

Koontz et al. [35] demonstrated through ground-based experimentation that
vacuum ultraviolet radiation significantly increases the atomic oxygen reactivity of fluoro

and chlorofluoropolymers.

A NASA study by Golub, Lerner and Wydeven [36] investigated the reactivity of

~ various polybutadienes and EPR rubber with atomic oxygen produced from a plasma

source. This study revealed that the erosion rate of these rubbers was highly dependent
on their degree of saturation. The more vinyl groups constituting the polymer chain, the
less susceptible the polymer was to erosion by atomic oxygen. However, this protective
effect of the vinyls in polybutadienes was a result of crosslinking induced through
reaction with atomic oxygen. This crosslinking effect would eventually lead to
embrittlement.

Dever, ét al. [37] condupted atomic oxygen (plasma asher source), UV and
thermal cycling studies of SiOy coated Kapton and a bolysiloxane—polyimide AOR
Kapton cast from a solution mixture. The SiOy coated Kapton displayed significantly
less fractional mass loss than the AOR Kapton. However, it was observed that the AOR
Kapton showed an improvement in durability to atomic oxygen erosion after exposure to
VUV radiation and vacuum thermal cycling combined with VUV. Further investigation
by Rutledge et al. [38] revealed that the AOR films began to crack and split at a fluence
of approximately 7 x 10! atoms cm™ and fell apart completely at 9.5 x 10*! atoms cm™.

This is about 1/5 of the expected fluence experienced by the space station Freedom solar

array.
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Vered et al. [23] performed comprehensive (SEM, AFM, XPS) studies of Kapton
and Teflon exposed to 30 eV O” and Ne* fluences of 10'>-10" jons cm™. They were able
to determine that chemical processes dominate the degradation of Kapton by 30 eV o}
bombardment, while collisional processes dominated for .Teﬂon. However the Teflon
erosion under these conditions was three orders of magnitude larger than for 5 eV atomic
oxygen erosion in‘ space, indicating that different mechanisms were responsible for
Teflon erosion for these two cases.

A multiple layered coating scheme consisting of laminates of 5 to 60 nm AI/AIN
separated by thin spacer polyimide layers was studied by Mutikainen [39] after exposures
to both a plasma asher and an atomic oxygen beam. The spacing polyimide layers were
found to increase the protection efficiency by planarizing the pinhole defects between the
coatings and the underlying substrate.

A synergistic effect of VUV radiation in the presence of atomic oxygen was
clearly evidenced from XPS studies conducted on fluorinated polyimides by Rasoul et al.
[40] using an RF plasma source. Exposure of fluorinated polyimides to VUV radiation
alone caused no observable damage to the polymer surfaces, while an atomic oxygen flux
resulted in substantial oxidation. However, exposure to VUV radiation and atomic
oxygen in combination caused extensive oxidation of the polymer surfaces after a short
exposure ‘as compared to AO alone.

In July-August of 1992, STS 46 conducted the Evaluation of Oxygen Interactions
with Materials III (EOIM III) flight experiment, during which a well-characterized, short
term, high-fluence O-atom exposure was provided for a large number of materials, many

of which had never before been exposed to the atomic-oxygen environment [3, 4]. The
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experiment consisted of a mass-spectrometer-carousel configuration and produced over
48,000 mass spectra of the gaseous reaction products of various polymers in LEO. XPS
studies of several polymer samples flown on this mission show measurable increases in
surface oxygen content accompanied by surface depletion of carbon [41].

Connell et al. [42] performed comprehensive scanning electron microscopy
(SEM), scanning tunneling microscopy (STM), XPS and weight loss studies on several
epoxy functionalized siloxanes (EFS) flown on the EOIM III experiment. EFS are UV
curable monomers that can be rapidly photopolymerized to give transparent coatings and
composites. Samples of four different EFS exhibited excellent AO resistance both to
ambient in-flight conditions as well as exposure {0 120°C. SEM, STM and XPS analysis
suggest that AO exposure of these materials efficiently produces a thin layer of SiOx at
the surface, providing a barrier toward further AO attack.

Packiriéamay, Schwam and Litt published a review of the literature of atomic
oxygen resistant coatings in 1995 [43]. The review classifies atomic oxygen resistant
coatings into 3 categories: (i) carbon backbone polymers susceptible to AO degradation
(c.g., Teflon), (ii) polymers which stabilize by reacting with atomic oxygen (e.g.,
fluorintated phosphazenes) and (iii) inorganic and semi-inorganic polymers which react
with atomic oxygen to forrﬁ a glassy oxide layer that prevents further reaction of the
coatings with atomic oxygen.

In 1996 Gilman, Schlitzer and Lichtenhan [10] evaluated the AO resistance of a
polyimide siloxane (PISX) polymer used as the matrix for a composite material flown on
the EOIM III experiment, and also conducted prelifninary studies on a POSS-siloxane

polymer in a simulated LEO environment. XPS analysis showed that the PISX
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composites were two orders of magnitude more resistant than homopolyimide-based
composites. In addition, erosion rates were slower for PISX when AO was combined
with UV radiation. POSS-siloxanes were found to be even more resistant and
surprisingly gained weight as a result of exposure and also appeared to heal microcracks
that were present originally.

Attempts to use protective coatings have resulted in limited success due to
differences in thermal expansion coefficients or substrate undercutting caused by atomic
oxygen insertion and scattering through micro-defects on coating surfaces. Silicones
have been widely used to protect underlying oxidizable organic materials since they

develop a glassy SiO, surface on atomic oxygen attack. However the formation of this

|
|
|
|
|
!
‘protective layer is accompanied by density increases and volume shrinkage generating a
’ microporous structure which stresses the coating, causing crack formation. Preceramic
| polymers such as poly(carborane-siloxane) systems and drecabo'rane—based polymers have
’ shown superior resistance to atomic oxygen; however high cbst and availability issues

have limited their use [43].

1.3 Polyhedral Oligomeric Silsesquioxane (POSS) Polymers

Recently the Air Force Research Laboratory (AFRL/PRSM) at Edwards AFB has
developed a new nanostructured, silicon-based chemical feedstock which can be easily
incorporated into most polymeric materials using standard polymerization or processing
techniques. This technology utilizes Si-O containing frameworks, known as polyhedral
oligomeric silsesquioxanes (POSS). Cooperative efforts by AFRL/PRSM and Hybrid
Plastics LLC (limited liability corporation) have led to the optimization of condensation

reactions of alkyltrichlorosilanes resulting in an economical synthetic route to obtain the
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starting POSS “cages” (Figure 1-3). Traditional silsesquioxane chemistry was focused on
the “T-resins” that formed during the condensation. However, in addition to this resin,
discrete polyhedra are formed. The polyhedra formed depend on the R group of the
starting silane, with open cage systems (those containing unreacted Si-OH groups) being
formed only in rare cases (R= cyélohexyl, cyclopentyl) [44-47]. The synthetic methods to
form more than fifty monomers, readily useable in conventional polymerization

reactions, have been developed to date [48-56].

Figure 1-3. Condensation reaction for sysnthesis of POSS cages.

The anatomy of a POSS nanostructure is shown in Figure 1-4 and is defined by
the following features. They are single molecules ranging in size from 0.7 nm to 3 nm
with an average of 1.5 nm. This diameter renders them approximately two orders of
magnitude smaller than conventional inorganic fillers (quartz talc ~ pm, fumed Si ~100

nm, colloidal SiO, ~ 10 nm). They possess a fhermally and chemically robust inorganic
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framework with well defined three-dimensional polyhedral geometries. They may
possess one or more functional groups which enable grafting and copolymeriztion. They
also contain nonreactive R groups (cyclopentyl, cyclohexyl, phenyl, isobutyl, methyl)

which aid in the compatibilization with the polymer matrix.

Nonreactive organic (R} =3 == \lay DOSESS ONE Or more
groups for solubilization S o \Sn functional groups suitable for
and compatibilization. </ O polymerization or grafting.

R. V \
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$i-Si distance of 0.5 nm P oK / robust hybrid
and a R-R distance of 1.5nm. (orgamc-morgamc) framework.
\.

Precise three-dimensional structure for molecular level
reinforcement of polymer segments and coils.

Figure 1-4. Anatomy of a POSS nanostructure.

Three primary POSS-polymer architectures (bead, pendant or crosslinker) are
available for use in thermoset systems or in copolymerizations as shown in Figure 1-5.

As shown in Figure 1-6, the hybrid organic/inorganic composition of POSS
nanostructures enables them to occupy an enhanced property space relative to traditional
hydrocarbons and inorganics, one that marries the beneficial properties of plastics
(processibility and toughness) with those of ceramics (hardness and stability). Research
has shown that addition of POSS monomers via copolymerization, grafting, or blending -
can result in numerous property enhancements, including increased modulus and
temperature  stability, oxidation resistance, and ceramic-layer formation. These

enhancements are obtained without adversely affecting the density or processibility of the

polymer matrix [57-61].
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Figure 1-5. Common POSS-polymer Structures.

Figure 1-6. Illustration of enhanced property space of hybrid polymers containing POSS

nanostructures.
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These property enhancements are attributed to the nano-level interaction of the
POSS framework with the polymer matrix [62]. Chain entanglement through associated
and knotted-rope diffusion, and the size and mass of the POSS cage (~15 A, 1000 amu)
are all likely to play roles in determining the physical properties, however this has not
been proven. The fundamental cage size and higher length scale association of the cages
produce a structural hierarchy that greatly influences physical properties. For example, in
the POSS-norbornyl system, changing the compatibilizing R group from cyclopentyl to
cyclohexyl results in a 30% higher glass transition temperature (T,), which was shown by
transmission electron microscopy to likely result from POSS entrainment of the polymer
network [60]. Modification of the R groups surrounding the POSS cage also affects
POSS compatibility in polymer blends as demonstrated by Blanski et al. [63]. Figure 1-7
shows scanning electron micrographs of dissimilar POSS cages blended into 2 million

M,, polystyrene illustrating this point.

R = cyclopentyl

1 (a)

Figure 1-7. POSS compatibility in 2 million Mw polystyrene: (a) 50 wt% CpsTs reveals
formation of immiscible POSS crystallites (20-50k atoms), (b) 50 wt% VigTg also
immiscible, (c) 50 wt% Cp,TgStyryl, significant decrease in size of crystallites evident,
(d) 50 wt % StyrenylgTs, partial miscibility, and (e) 50 wt % PhenethylgTs, obtained
through catalytic hydrogenation of StyrenylgTs shows complete miscibility; reprinted
from reference [63] permission by Dr. Rusty Blanski.
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Figure 1-7. Continued

Recent ﬂamfnability studies and’ rocket motor insulation testing conducted at
AFRL/PRSM, as well as preliminary atomic oxygen results have shown that upon
degradation, the hybrid organic/inorganic nanocomposites form a bassivating ceramic-
like layer. In addtion, the property improvements obtained by POSS addition, such as
increased oxidation resistance and elevated Ty, suggest their effectiveness for space
applications including protective coatings, paints, thermal control components and space
inflatables. This dissertation presents several studies wherein a variety of POSS-
containing polymers were synthesized and subsequently characterized in an UHV system
capable of performing over twenty different spectroscopic analysis techniques such as

XPS, AES, ISS and others. The details of the this UHV system are described next.

1.4 Overview of UHV System and X-ray Photoelectron Spectroscopy

The Hoflund research group at the University of Florida has the ability of
simulating LEO using a UHV system that is capable of performing close to twenty
different spectroscopic analysis techniques. This system, shown in Figure 1-8,

comprised of 5 chambers that are joined together in series, one of which contains a




21

unique hyperthermal oxygen atom source described in Chapter 2. The system also
contains a quadrupole mass spectrometer and is currently being modified to
accommodate an in-situ, Fourier Transfer Infrared spectrometer. In addition, lamps are
also being installed in order to carry out AO erosion studies with and without the
presence of VUV and UV light. One lamp will be a deuterium lamp with a magnesium
fluoride window. This system provides radiation between 118 and 200 nm. Thé other
lamp will be a mercury-xenon short arc lamp with a quartz window to provide UV

radiation between 200 and 400 nm.

s >

Figurel-8. Photograph of UHV system at the University of Florida used to conduct Low
Earth Orbit simulation and characterization studies.

The main analysis chamber has a base pressure of <107 Torr and contains the x-
ray source, and the ion and electron guns used in the different spectroscopic methods. It
also houses a charged particle energy analyzer called a double-pass cylindiral mirror

analyzer (DPCMA).  Characterization of the POSS-polymers presented in this
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dissertation were obtained using a unique surface sensitive technique for chemical

analysis known as XPS and briefly described below.

1.5 X-ray Photoelectron Spectroscopy

~ X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA), is a photoemission technique, developed by Sieghbahn and
coworkers [64, 65], which is widely used to examine the composition and chemical state
distribution of species at a solid surface. It is performed by irradiating a solid surface
with monochromatic X-rays (Mg Ko 1253.6 ¢V) under vacuum and measuring the
kinetic energy distribution of the emitted electrons. An electrostatic charged particle
energy analyzer is used to obtain the spectral peaks generated from the kinetic energies of
the emitted electrons. The corresponding binding energies specific to each individual

element are then calculated from the following equation:
E, =hv-E, +A¢ | (1-1)

where B is the electron binding energy (BE) in the solid, Ey is the kinetic energy of the
emitted electron and A¢ is the work function difference between the sample and the
detector material assuming there is no electrical charging at the sample surface. Because
each element has a unique set of binding energies, XPS can be used to provide a simi-
quantitative analysis of the elements residing in the near surface region of the sample [66,
67]. Compositions are calculated from the relative areas of the spectral peaks with the
assumption that elements are distributed homogeneously in the near surface region.
Figure 1-9 shows a diagram illustrating the photoemission process occurring

during XPS. In this process, an incident x-ray photon causes the ejection of a




Beeeeee————
23

‘ photoelectron from a core orbital. In addition to these photoelectrons, Auger electrons
‘ . are also emitted approximately 10 seconds after the photoelectric event [67]. These
electrons are emitted because of the relaxation of the exited ions remaining after

photoemission. The competing emission of a fluorescent x-ray photon is negligible in

this energy range.

Auger Electron Emission

Photoemission g @ Relaxation X-ray Fl oorrescenc
photoelectron Y / Auger electron

Figure 1-9. Illustration of the photoemission process occurring during XPS.

1.5.1 Sampling depth of Photoelectron ’

Although the mean free path or penetration depth of photons irradiating a sample
during the XPS process is on the order of microns, the slow photoelectrons being emitted
during XPS have a higher probability of interacting and scattering inelastically with
matter resulting in a mean free path in the order of angstroms [66-68]. This distance that
the electrons travel in the solid, depends on their initial kinetic energy and to a ‘muoh
lesser extent the material. Only electrons near the surface can, on average escape without
incurring energy loss. The electrons that do suffer inelastic losses before escaping the
surface, form the characteristic stepped background of the obtained spectra. The

sampling depth of photoelectrons during XPS is expressed by the following equation:




I =1,exp

@ photoelectron
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(1-2) -

where d is the sample depth, 1 is the intensity of the emitted photoelectrons which escape

from the surface, I, is the intensity of the photoelectrons at depth d, , A is the wavelength

of the incident x-rays and 0 is the take off angle.
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Figure 1-10. Percent of photoemitted electrons that escape without suffering inelastic
collisions versus sampling depth during XPS.
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Figure 1-10 shows a plot of the percent of electrons that escape without suffering
inelastic collisions versus sampling depth during XPS vusing equation 1-2, assuming a
normal takeoff angle (cos 8 = 1) and incident irraditation by Mg Ko X-rays (1253.6 eV)
with a corresponding A = to 0.9888 nm. As illustrated by this graph, the sampling depth
is about ~4-6 nm (30 atomic layers), and about 10% of the signal originates from the
outermost atomic layer. The small escape depth of the emitted photoelectrons makes
XPS a highly surface-sensitive technique which yields a weighted average composition
placing emphasis on the atomic layers near the surface due to the lower probability of
inelastic scattering.

1.5.2 Electron Energy Analyzer

The energy distribution of the emitted photoelectrons during XPS are detected by
a charged particle electrostatic analyzer called a double pass cylindrical mirror analyzer

(DPCMA) shown schematically in Figure 1-11 and first described by Palmberg [69, 70].
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Figure 1-11. Schematic diagram of the double pass cylindrical mirror analyzer used to
measure the energy distribution of photoemitted electrons in the UHV system during
XPS; reprinted from reference [70] with permission from the American Institute of

Physics.
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The analyzer is operated as an energy ‘window, referred to as the pass energy, accepting
only those electrons having an energy within the range of this window.

The DPCMA consists of two concentric cylindrical electrodes that create an
electric field with cylindrical symmetry. The outer cylinder is held at a negative potential
with respect to the inner cylinder. Electrons entering the analyzer through the annular
entrance are retarded and deflected towards the inner cylinder by an amount depending
on their initial kinetic energy. The voltage difference between the inner and outer
cylinder is held constant thereby creating a constant pass energy and resolution over the
voltage scanned [71]. This is referred to as scanning in the retarding mode. Scanning for
different energies is accomplished by varying the electrostatic field before the analyzer.
This is accomplished by using spherically shaped prerétarding grids which decelerate the
incoming electrons’ thus allowing for increased resolution at higher electron energies [72].

The photoemitted electrons of kinetic energy within the range being accepted by
the analyzer strike a spiraltron or channeltron detector which amplifies the electron signal
by a factor of 10% or 10° [66]. Data collection is then accomplished using a computer
interfaced, digital pulse-counting circuit [73] followed by smoothing with digital-filtering

techniques [74].




CHAPTER 2
DESCRIPTION OF THE ELECTRON STIMULATED DESORPTION ATOMIC
OXYGEN SOURCE

2.1 Introduction

As discussed in Chapter 1, high energy (~ 5 eV) collisions between oxygen atoms
and LEO spacecraft cause severe degradation of spacecraft materials. This has provided
the motivation to investigate AO induced material degradation mechanisms and the
development of materials that are more resistant to AO corrosion. In order to study
spacecraft material degradation, our research group has developed over the last 15 years
an instrument which produces a high-purity, intense flux of hyperthermal oxygen atoms.
The investigations leading to the development, characterization and performance of the
AOQ source have been described previously [75-81]. This AO source is UHV compatible,
simple to operate and compact. In addition, this source has been used to conduct studies
in other fields and applications. These include the formation of thin insulating oxide and
passivating layers on semiconducting materials in molecular beam epitaxy systems,
studies of chemically induced alterations on GaAs, InP, Ni/Cr, Ag, Al,O;, and SnOy
surfaces, formation of superconducting oxides, formation of novel oxide compounds, and
surface cleaning and modification coupled with surface analytical techniques [82-88].
This chapter reviews the performance characteristics and latest changes to the evolving
design of this atomic oxygen source used to expose po»lyhedral oligomeric silsesquioxane

containing polymers discussed in subsequent chapters of this dissertation. This chapter

27




28

also briefly describes the operational concept behind a pulsed CO, laser excitation AO

source used to conduct erosion studies presented in Chapter 5.

2.2 ESD Atomic Oxygen Source Design and Recent Improvements

A schematic diagfam illustrating the operational principles of the AO source is
shown in Figure 2-1. Figur%i '2-2 and 2-3 show photographs of the atom source removed
from the UHV system and in the UHV system while exposing a sample. Ultrahigh-purity
molecular oxygen dissociatively adsorbs on the high-pressure (2 Torr) side of a thin
metallic Ag membrane maintained at elevated temperature (340-370°C) and permeates
through the membrane to the UHV side. There a continuous flux of neutral oxygen
atoms is produced through the electron stimulated desorption (ESD) of the chemisorbed

oxygen atoms as they are struck by a directed flux of primary electrons being emitted

from a filament.

~ conflat flange
to uhv system

conflat flange

with thru-hole
electrical feed-thru

lens . . T rec :
O-afom flux fllamjent J —/ H mini flange
10'° atoms/cm sl ' ’ 1 NS
Target LT
— =0
Reflector Ag alloy
membrarie

cooling rod/
05 supply tube

Figure 2-1. A shematic diagram of the atomic oxygen source.
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Figure 2-3. Photograph of a sample being exposed to AQ source in the reaction chamber.

The primary electrons are produced by thermionic emission from a coiled hot

filament support around the perimeter of the Ag alloy membrane. In addition to
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providing the 1000 eV primary electron beam flux for ESD, this filament also provides
the power input to the source as the accelerated electrons strike the membrane thus
increasing its operating temperature. The power input is equal to the primary beam
current multiplied by the voltage. The thoriated-tungsten filament in the latest prototype
atom source is longer than in previous designs, permitting it to operate at lower
temperatures. Previously the filament was shorter and at high power outputs the thorium
would sublimate off the filament contaminating samples and increasing the work
function. As a result more power would have to be supplied to maintain a level flux. In
the new design, the filament is also easier to replace and is permanently fixed in the right
position. Before it was free hanging and would change position as temperatures changed
resulting in less than optimal performance. It is necessary to design the membrane
support assembly to maximize heat transfer away from the membrane so that the filament
emission current can be set between 30 and 60 mA. If the membrane temperature is too
high then molecular desorption can occur as membrane material can be evaporated.

An electron reflector (lens assembly) surrounds the filament as shown in Figure 2-
4. It produces a potential field which creates a uniform flux of electrons over the
membrane surface. This is accomplished by establishing a higher negative potential on
the reflector which in turn redirects the trajectories of the accelerated electrons from the
filament back towards the membrane. The latest prototype atom source contains an
improved reflector design which allows for more uniform coverage of the membrane by
these electrons thus preventing the formation of hot spots. Another lens is placed
between the reflector and the sample for removal of all charged particles including

secondary electrons and O" and O ions produced during the ESD process. The ion
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production rate has been shown to be negligible compared to the atom production rate
[80]. Furthermore, no moiecular oxygen is produced by this source [76, 80, 81]. When
high-energy electrons strike a metal surface, a small amount of Bremstrahlﬁng or
“braking” radiation is produced which has a broad energy distribution [89]. This
radiation is produced when electrons are decelerated as they approach the nucleus of a
metal target. This radiation cannot be removed but poses no problem in these studies
because photons of these energies do not interact strongly with solids. The sum of the
energies of the Bremstrahlung photons produced is less than that of the original incident

electron.

Figure 2-4. Improved reflector/lens assembly on latest prototype ESD AO source.
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2.2.1 Adsorption and Permeation

Several processes have to function in series at sufficiently high rates for this
system to work, including dissociative adsorption of the molecular gas on the metal
surface, permeation of atomic oxygen through the membrane and formation of the neutral
flux by ESD. Since these processes occur in series, the slowest one (desorption) will
determine the magnitude of the AO flux. Adsorption is the first step in this process.
Since the sticking coefficient of O, on polycrystalline Ag is fairly small (s ~ 3 x 103
[90]. For this reason, it is important to maximize the pressure on the upstream side of the
membrane.

Permeatioﬁ is the second step and the permeation rate through the membrane is
proportiénal to the reciprocal of the membrane thickness. It is therefore desirable to have
a high pressure and a thin membrane, but this can lead to membrane failure. This
problem has been solved by designing a reinforced membrane assembly as shown in
Figure 2-5. Previously the membrane consisted of a silver disk brazed to a copper
cylinder which in turn was brazéd to the stainless steel body of the AO source. These
brazes have been eliminated and the new membrane is made of solid high purity Ag
sealed through knife-edge conflat flanges. This new configuration alloWs for easy

replacement of the membrane if needed.
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Figure 2-5. Reinforced membrane assembly on latest prototype ESD AO source.

The permeability of the membrane is also a product of solubility and diffusivity,
and varies exponentially with temperature. Outlaw et al. have studied the diffusivity of
oxygen in silver for a wide temperaturé range of 400-800 °C [79] [77]. Their data shows
that there are substantial deviations from ordinary diffusion-controlled transport. They

represented their diffusion data by a piecewise application of the Arrhenius equation,
D(T) = A, exp(-E, [ kpT) =12, (2-1)

where 4; is the amplitude, E; the local activation energy, kg is the Boltzmann’s constant,
and i = 1 refers to the range 400 to 630 °C, while i = 2 refers to the range 630-800 °C
They reported 4; = 2.9 x 10° cm® s, E1- 479 meV, A2 =3.2 x 10-2 cm 2 s' and E, =
665 meV. They suggested that below 630 °C, the activation energy is higher and is

attributed to trapping of the atomic oxygen and/or kinetic barriers at the surface and
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subsurface of the vacuum interface. Below 400 °C, the evaporation rate of Ag is

negligible.
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Figure 2-6. Potential energy diagram showing the processes involved in the electron-
stimulated desorption of an adsorbed species as a neutral species with excess kinetic
energy, according to the MGR model.

2.2.2 Electron Stimulated Desorption

Electroh stimulated desorption is a complex process in which particles are emitted
from a surface through decay of a localized electronic excitation created by an incident
electron. One of the earliest models explaining ESD of ions and neutral species from
surfaces was put forward by Menzel, Gomer and Redhead (MGR) in 1964 [91-95]. The

mechanism for the MGR model on neutral desorption'is shown in Figure 2-6. It
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‘de.scribes the potential energy of an adsorbed species (A) on a surface (M), with the
horizontal axis représenting the distance between the particle and the surface.

The generation of ground state neutrals through ESD is considered to be a two
step process [96]. The first is the excitation of the neutral, adsorbed species on the
surface by an incident electron, resulting in the removal of an electron from one of its
stable energy levels and in the formation of a positive ion. Direct momemtum transfer
from the incident electron to the adsorbed atom has been shown to be negligible. The
positve ion formed has a smaller radius than the atom (oxygen atom radius is 0.66 A and
the O radius is 0.22 A) [97] and a newer equilibriurﬁ potential causing it to move closer
to surface. In the second step, the ion is neutralized as it moves closer to the surface by
means of electron tunneling or from an Auger electron from the substrate [96], thus
returning it to the ground state potential energy curve with excess kinetic energy. If this
excess kinetic energy is greater than the binding energy, then the neutral atom is released
into the gas phase.

Desorption is the rate limiting step and is governed by the number of electrons
hitting the membrane per cm?’-s. Hoflund reviewed ESD phenomena [98] and é.tated that

the intensity of the desorbing particle flux can be expressed as,

A _ Iy
te Ae Q(N) | 2-2)

where I, is the primary electron emission current to the membrane, A is the irradiated
area of the membrane, ¢ is the charge on an electron, Q is the ESD cross section and (N)
is the surface concentration of adsorbed neutrals. In order to maximize the ESD flux, it is
necessary to maximize both I, -and (N) by optimizing the source operating parameters.

The flux has been shown to be linearly dependent on the primary emission current as
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shown in Figure 2-7. Increasing the primary electron emission current to the membrane
can increase the ESD rate, but this increases the power (P=IV) to the membrane, which in
turn increases the temperature of the membrane and can result in evaporation of Ag
which is unacceptable. This problem has been minimized by designing the membrane to
have the optimal heat transfer characteristics. As seen in Figuréi 2-1 and 2-2, this was
accomplished by designing the membrane to accept a thread-ed copper rod, which
supplies the high purity oxygen while simultaneously removing heat away from the
membrane. The membrane is also equipped with a closgd loép circulatory temperature

control unit.
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Figure 2-7. O neutral flux as a function of primary electron emission current at a
membrane temperature of 550 °C [76].

2.2.3 Energy Distribution and Neutral Atom Detection

The O atoms produced by this source have been shown to be hyperthermal

(energies greater than 0.01 or 0.02 eV), but their energy distribution has not been
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measured. Corallo et al. [99] have measured the energy distribution of O ions emitted by
ESD from a Ag (110) surface and found that this distribution had a maximum of ~5 eV
and a full-width at half maximum of 3.6 V. This ion energy distribution would set an
upper bound for the neutral energy distribution because ESD neutrals are generally
believed to be less energetic than ESD ions. This point has been discussed often in the
ESD literature but not actually demonstrated.

Since neutral ESD species are difficult to detect very few ESD studies of neutral
species have appeared in the literature. Our research group has detected the neutral atom
flux by using a quadrupole mass spectrometer [80, 100] in the appearance potential (AP)
mode to allow the atoms to be distinguished from residual gases and background gas
products formed by collisions of the neutrals with the walls of the UHV system. In
addition, in this configuration, the ion acceleration potential was set at 0.0 V. Since
calibration studies demonsfrated that the jons entering the quadrupole section had to have
a minimum kinetic energy of 2.0 eV to reach the detector,‘ the ESD neutrals have a
minimum energy of 2 eV. Therefore, the hyperthermal AO produced by this ESD source
have energies greater than 2 eV but possibly less than the ion energy distriBution. In
addition, these mass spectrometric experiments have shown that the O atom-to-O" ratio is
about 10® and that the O'-to-O’ ratio is about 100. Figure 2-8 shows the atomic oxygeﬁ

signal from the quadrapole mass spectrometer using this method.
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Figure 2-8. Atomic oxygen signal detected by a quadrupole mass spectrometer taken in
the appearance potential mode [76].

2.2.4 Flux quantification

Several approaches have been used to measure the magnitude of the hyperthermal
AO flux and reasonable agreement was obtained between the various methods. The flux
from the ESD source is approximately 2 x 103 atoms/cm? s. One of the most reliable
methods is the measurement of an oxide film growth rate. This source has been used to
epitaxially grow stqichiometric ZrO, thin films knowing the Zr flux and the fact that no
O, is present in the AO flux. Based on the fact that stoichiometric ZrO, was formed, we
were able to calculate the AO flux for the maximum Zr flux [101]. In addition, it was
also shown tﬁat when the AO flux was reduced by a facior of 2, stochiometric ZrO was

grown [88]. The AO flux has also been measured by measuring the chemisorption rate of
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AO on polycrystalline Au using ion scattering spectroscopy [81]. The maximum flux

determined using this method is in excellent agreement with that determined using the

oxide growth rate method.

2.3 Comparison of AO Sources Used to Simulate LEO

Since space experiments are costly and require a large effort, a variety of ground
simulation ’;echniques have been used to model AO erosion in space. Unfortunately, the
AO sources used have had significant drawbacks resulting in both artifacts and
inconsistencies in the ground-simulated data [28, 102]. A brief comparison of different
sources used to produce atomic oxygen is presented here.

2.3.1 Oxygen Radio Frequency and Microwave Plasma Sources

Oxygen (RF) plasma sources [18, 19, 103, 104] provide a large mif(ture of
thermal species including O, O, O" and O, as well as UV light. The ambient pressure
is high and can contain significant amounts of carbon-containing contaminants. In
addition, it was found that these sources produce positive ions with an average energy of
278 eV and electrons with an average energy of 8 eV [104]. Extraction of a downstream
flux can eliminate most of the ionic species and the UV radiation, but the pressure is
high, contaminating species are contained in the flux and the AO energy is low. All of
these problems result in alteration of the highly reactive surfaces produced by AO
exposure. Furthermore, high energy species results in surface sputterings and bond
breakage. The resulting reactive surface species react further with other surface species
or AO. Therefore, the actual process of degradation of spacecraft materials by 5 eV AO

cannot be simulated using low-energy AO.
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A microwave power source used to generate AO have also been developed [22,

105]. This source generates a microwave plasma in a space between a nozzle and a

skimmer to excite a processing O,-He gas. This source operates at high temperatures,

and has low degrees of O, dissociation while generating UV light.
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Figure 2-9. Schematic diagram illustrating the operational concept of this pulsed CO,
laser AO source; reprinted from reference [106] with permission from the American

Institute of Physics.

2.3.2 Pulsed Laser Exitation Sources

Another type of system is based on the hypersonic expansion of O, (with or

without a carrier gas) excited by a laser pulse. These systems have been well

characterized and have been shown to provide 2-15 eV AO at high fluxes of 10'¢ atoms

em” sec’, but like other sources they have some drawbacks which introduce artifacts into

space-polymer studies. The major drawbacks include the presence of a high flux of UV

light, the presence of a large amount of O,, and the unsteady state nature of these sources.
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The UV light has been shown to erode some polymers both by itself and synergistically
with AO. This UV light is not present at this energy and flux in space and it precludes
understanding the effects of only AO on polymer surfaces. The O, can react with the
highly reactive surfaces formed by AO exposure, and the unsteady-state AO flux induced
by the laser operation is not encountered in space and may result in quite different
erosion characterisﬁcs.

A source of this design has been used in a collaboration with Prof. Tim Minton at
Montana State Universty to conbduct erosion studies on some of the POSS polymers
presented in Chapter 5 of this dissertation. Figure 2-9 shows a shematic diagram
illustraﬁng the operational concept of this pulsed laser source [106]. Within a vacuum
chamber, molecular oxygen flows into a conical nozzle at several atmospheres pressure

through a pulsed valve. A laser induced breakdown is then generated at the nozzle throat

2

by a pulsed CO; laser focused to an intensity greater than 10° W/cm®. The resulting

plasma is then heated to 20,000 K. This high-temperature, high-density plasma expands
rapidly into the diverging cone following the detonation and engulfs the remaining cold
gas. The local densities in the nozzle are sufficient to permit efficient electron-ion
recombination. By the time atoms or radicals formed in the beam have cooled enough to
recombine, the termolecular collision rate has dropped so low that these reactive species
are, in effect, frozen in the emerging beam. The resultant beam from the nozzle consists
predominantly of fast neutrals, with a very small ionic fraction (<10%). Average kinetic
energies of the fast species in the beam can range from 2 to 15 eV. A chopper wheel is
used to narrow the distribution of the emitted species. Figur%iZ—lO and 2-11 show the

energy distribution of the overall and chopped beam produced by this source.
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Figure 2-10. Energy distribution of overall beam produced by the pulsed CO, laser AO
source
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2.4 Summary

In this chapter, the latest modification and theory behind the operation of a compact,
UHV-compatible atomic oxygen source based on electron stimulated desorption was
described. This source is used to expose polymeric materials in studies presented in
subsequent chapters of this dissertation. It is cap.able of producing a high purity flux >
10'° atoms/cm” s of hyperthermal atoms while a pressure of 10';9 Torr is maintained in the
source chamber. The source does not produce contaminants or high energy species
which would damage the surface, and the ion flux is negligible compared to the atom
flux. The energy distribution has yet to be determined, but preliminary analysis suggests
that AO produced by this source is ét least 2 eV or greater. In addition, a brief
comparison of other sources used to form atomic oxygen was presented in this chapter,
including a pulsed CO; laser source which was used to conduct erosion studies of POSS

polymer presented in Chapter 5.




CHAPTER 3
IN-SITU ATOMIC OXYGEN EROSION STUDY OF A POLYHEDRAL
OLIGOMERIC SILSESQUIOXANE SILOXANE COPOLYMER

3.1 Introduction

In this study a thin film of polyhedral oligomeric silsesquioxane (POSS)-siloxane
copolymer has been characterized in-situ using XPS before and after incremental
exposures to the flux produced by an electron stimulated desorption (ESD) atomic
oxygen source described in Chapter 2. POSS molecules are hybrid inorganic/organic
structures synthesized from the self-condensation reactions of alkyl trichlorosilanes.
Over the last 10 years, the Air Force Research Laboratory and Hybrid Plastics LLC [107]
have focused on incorporating POSS frameworks into traditional polymer systems via
copolymerization, grafting and blending processes. Significant property enhaﬁcements
have been reported for these hybrid polymers including increased use temperature,
increased toughness, decreased flammability and increased oxidation resistance as
described in Chapter 1. These property enhancements are attributed to the nano-level
interaction of thé POSS framework with the polymer matrix. Traditionally, silica fillers
have been used in polymer applications requiring alterations in physical and mechanical
properties such as tensile strength, abrasion and fatigue resistance.  In addition to
numerous property enhancements, POSS polymers have lower densities (1.2 to 1.5 g/ml)
than silica fillers (2.4 to 2.6 g/ml) [44, 108]. Unlike silica fillers, POSS frameworks can
be easily functionalized for polymer compatibility without significantly affecting

processing conditions. Compared to silica fillers, POSS h'ybrid polymers are able to

44
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impart similar property enhancements, including many not possible utilizing filler
technology. Previous studies have also shown that Si-O systems exhibit a superior
resistance to AO degradation due in part to their oxophilicity and high bond stfength (~8
eV) [42, 109]. However, pure siloxane systems have displayed many disadvantages for
space applications including the generation of volatile cyclic épecies when exposed to
AO that can recondense on optical surfaces [34]. This present study details the results
obtained from exposing a POSS-polydimethylsiloxane (PDMS) film to a simulated LEO
environment. Speciﬁcélly, it describes the formation of a protective silica layer with
exposure to an atomic oxygen flux. This layer serves as a protective barrier preventing
further degradation of the underlying virgin polymer with increased AO exposure.
Previous exposures of this polymer system [10] to AO and far-UV radiation was shown
to result in the healing of surface defects or microcracks initially present as a resuit of

sample preperation as shown in the scanning electron micrographs of Figure 3-1.

Figure 3-1. SEM of (a) unexposed and (b) exposed POSS-siloxane copolymer surfaces.
The simulated LEO exposure “healed” the micro-cracks present initially in the POSS-
siloxane sample [10]. '
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Figure 3-1. Continued.

3.2 Experimental

3.2.1 Synthesis of a POSS-PDMS Copolymer

The POSS siloxane copolymer used in this study and shown in Figure 3-2 was
synthesized using a method similar to that described by Lichtenhan et al [10, 49]. The
diol—silsesquidxane monomer (5.00 g or 4.54 mmol) was dissolved in 10 ml of
tetrahydrofuran (THF) in a 50 ml flask to which 1.98 g (4.54 mmol) of
bis(dimethylamino)polydimethylsiloxane (approximately 4.9 silanes per oligomef,
Mw=435.5 g/mol) was added with an additional 15 ml of THF. The reaction mixture
was stirred and heated to 65°C under nitrogen for 48 hrs. The polymer was then
precipitated into 350 ml of rﬁethanol, stirred for 2 hrs, filtered and air dried for 12 hrs.
To end cap the polymer with trimethylsilane, it was dissolved in 25 ml of THF with an

excess of N,N-(dimethylamino)tﬁmethylsilane and reacted at 65°C under nitrogen for
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another 48 hrs. The polymer was again precipitated into 350 ml of methanol. After

decanting the solvent, fresh methanol with dilute HCI was added to neutralize any excess

‘amine. The solution was again decanted and the remaining white solid dried under

vacuum for 2 hrs, producing a yield of 6.27 g (95% theoretical yield). Molecular
weights were determined from multi-angle laser light scattering measurements obtained
from a DAWN-F detector (Wyatt Technologies) equipped with a gel—pérmeation
chromatography column. The number average molecular weight, mass average
molecular weight and degree of polymerization were found to be 62,000, 118,000 and 43
respectively. Peak area analysis of the 22Si NMR data gives a degree of polymerization
of 38 and shows on average 4.8 SiOMe, groups per repeat unit. Relevant peaks in the
?9Si NMR spectrum are a singlet at 7.2 ppm (Me3Si endgroups, peak area of 2.0), a

multiplet at 21.5 ppm (Me2Si-O, peak area of 184) and four singlets at 66.39, 68.13,

68.20 and 69.51 ppm (POSS, peak area of 305.6).

3.2.2 Preparation of Thin Films by Solvent Casting

Thin films of the trimethylsilane-terminated POSS-PDMS were made by
dissolving 100 mg of the powder in 15-20 mL of THF, solvent casting onto 1 cm x 1 cm
aluminum substrates and drying at room temperature for 24 hrs. The aluminum

substrates were prepared and cleaned with Boraxo soap and water, deionized water

~ followed by ultrasonic cleaning in toluene, acetone, trichloroethylene, acetone and

ethanol respectively.
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Figure 3-2. Scheme for synthesis of the POSS-PDMS copolymer used in this study.

3.3.3 Surface Characterization

A solvent casted POSS-PDMS film was wiped with isopropanol and inserted into
the UHV chamber (base pressure <10-10 torr). XPS was performed using a double-pass
cylindrical mirror analyzer (DPCMA) (PHI Model 25-270AR). XPS survey spectra were
taken in the retarding mode with a pass energy of 50 eV, and high-resolution XPS spectra
were taken with a pass energy of 25 eV using Mg Ka X-rays (PHI Model 04-151 X-ray
source). Data collection was accomplished using a computer interfaced, digital pulse-

counting circuit [73] followed by smoothing with digital-filtering techniques [74]. The
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sample was tilted 30 deg off the axis of the DPCMA, and the DPCMA accepted electrons
emitted into a cone 42.6 £ 6 deg off the DPCMA axis.

XPS spectra were first obtained from the as-entered, solvent-cleaned
sample. The sample was then transferred via a magnetically coupled rotary/linear
manipulator into an adjoining UHV chamber that houses the ESD AO source. There the
surface was exposed to the hyperthermal AO flux and re-examined without air exposure
after total exposure times of 2, 24.6, and 63 hrs. The approximate normal distance
between the samplé face and source in this study was 15 cm, at which distance the flux
was about 2 x 1013 atoms/cm2-s for the instrument settings used. The substrate
temperature was determined using a chrome-alumel thermocouple attached to the Al
substrate. At this distance the sample remained at room temperature during the AO
exposures. The sample temperature did increase to 50°C during XPS data collection.
After the 63-hr AO exposure, the sample was exposed to air (room temperature ~22°C

and relative humidity ~60%) for 4.75 hrs and again examined using XPS.

3.3 Results and Discussion

XPS survey spectra obtained from a solvent-wiped POSS-PDMS surface before
and after the 2, 24.6 and 63 hr AO exposures are shown in Figure 3-3 (a) to (d),
respectively. Spectrum (e) in Figure 3-3 was taken after the 4.75-hr air exposure
following the 63-hr AQ treatment. The peak assignments shown in Figuré 3-3 pertain to
all five spectra. The predominant peaks apparent in these spectra include the C 1s, O 1s,
Si 2p, Si 2s, O 2s and O Auger peaks. Significant changes in relative peak heights are
observed for the C, O, and Si features following the O-atom exposures. An estimate of

the near-surface compositions has been calculated from the peak areas in the survey
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spectra by assuming that this region is homogeneous and using published atomic
sensitivity factors [67]. The compositions determined in this manner are presented in

- Table 3-1 for the as-entered, AO-exposed and air-exposed surfaces.
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Figure 3-3. XPS survey spectra obtained from a solvent-cleaned, POSS-PDMS film (a)
after insertion into the vacuum system, (b), after a 2-hr (c) 24.6-hr and (d) 63-hr exposure
to the hyperthermal AO flux, and (e) 4.75-hr air exposure following the 63-hr AO
exposure ’
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Table 3-1: Near-surface composition determined from XPS data obtained from the as-
entered, solvent cleaned, AO and air-exposed POSS-PDMS sample

Surface AO Fluence Composition, at% atom ratio

Sample Treatment O/cm? o) C Si 0/Si
As entered, solvent cleaned - 18.5 65.0 16.6 1.11
2-hr AO exposure 1.44x 1017 338 48.4 17.8 1.90
24.6-hr AO exposure 1.77x 1018 49.1 22.1 288 1.70
63-hr AO exposure 453x1018 557 16.3 28.0 1.99
4.75-hr  air  exposure

following the 63-hr AO 453% 1018 52.8 19.5 27.7 1.91
exposure

As described in Chapter 1, XPS probes the near-surface region of the sample and
yields a weighted average composition with the atomic layers near the surface being
weighted more heavily because these photoemitted electrons have a lower probability of
scattering inelastically. The sampling depth is about 30 atomic layers, and about 10% of
the signél originates from the outermost atomic layer [66]. This near-surface region is
nonhomogeneous because the AO reacts with the outermost few atomic layers.
Therefore, the region which is affected to the greatest extent due to reaction with AO also
makes the largest contribution to the XPS signal. This fact implies that XPS is an
excellent technique for studying AO erosion of spacecraft materials. Even though the
distribution functions involving the depth of chemical reactions in the near-surface region
and the XPS determination of the weighted average composition of the near-surface
region are complex, the compositional values, determined using the homogeneous
assumption and shown in Table 3-1 as a function of AO fluence, provide a trend which is
indicative of the chemical alterations occurring during AO exposure. This trend is

supported by the chemical state alterations determined by XPS, which are discussed
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below. The O-to-Si atomic ratio is 1.11 for the as-entered sample, and it is increased to
1.90 after the 2-hr exposure, and then reduced to 1.70 after 24.6 hrs and increased again
to 1.99 after the 63-hr O-atom exposures. This behiavior indicates that complex chemical
reactions occur during AO exposure. After the 4.75-hr air exposure, the O-to-Si atomic
ratio is 1.91. These changes in the O-to-Si atomic ratio resulting from exposure to the
AO flux indicate the formation of SiO, and are consistent with the high-resolution
spectra that follow. A large reductioﬁ in the C 1s peak is observed as a result of the
incremental exposures to the AO flux. The near-surface C concentration decreases from
65.0 at% for the as-entered sample to 16.3 at% after the 63-hr exposure. This decrease is
due to reaction of C in the néar—surface region with O to form CO;. A small increase in
the carbon content to 19.5 at% is observed after exposure to air for 4.75 hrs probably due
to the adsorption of C-containing molecules such as hydrocarbons from the air.
Hydrogen in the POSS-PDMS would also react with the AO to form water which would
desorb.

High-resolution XPS C 1s, O 1s and Si 2p obtained from the as-received, solvent-
wiped surface before and after the 2-, 24.6- and 63-hr AO exposures are shown in spectra
a-d of Figures 3-4, 3-5 and 3-6 respectively. Spectrum (e) was obtained after the 4.75-hr
air exposure following the 63-hr O-atom exposure. Variations in peak shapes and
positions are observed between the nonexposed, AO-exposed, and air-exposed surfaces
indicating that the chemical species distribution is altered by exposure to the AO flux and
then to air.

The C 1s peak shown in Fig. 3-4(a) is centered at 285.2 eV indicating that the

predominant form of carbon present for the as-entered sample is in the form of a fully
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substituted hydrocarbon, i.e. the cyclohexyl groups on the POSS cage [110]. In spectra
(b), (c) and (d), the C 1s peak be_comes broader and the peak center shifts to lower
binding energy (BE) with increasing exposure to the AO flux. After the 63-hr exposure,
the C 1s has a BE of 284.4 eV. This value is characteristic of methyl groups on the
PDMS chain [110]. The fact that these changes coincide with a decrease in the total
carbon concentration in the near-surface region from 64.1 to 13.5 at% implies that the
cyclohexyl groups are being removed selectively leaving the methyl groups. This
selective removal could be due to the larger size of the POSS cage (1.5 nm) compared to
--the PDMS chain as shown in @ Small shoulders are visible on the high-BE side of
the C 1s peak in spectra b, ¢ and d. These probably are due to species such as alcohols,
formaldahydes (BE ~286.0 to 287.7 eV) and organic acids (BE ~287.5) which form by
reaction with the IAO flux. Exposure to air (spectrum €) produces an increase in the
shoulder near 285.0 eV indicating adsorption of hydrocarbons from the air at reactive
surface sites produced during the AO exposure. This observation is consistent with the
increase in the C concentration after the air exposure as shown in Table 3-1.

The O 1s spectra obtained from the sample before and after the various treatments
are shown in Figure 3-5. These peaks are broad indicating that various chemical states of
oxygen are present. After the 2-hr exposure to the AO flux, the contribution from oxygen
is significantly increased from 18.5 to 33.8 at%, and then it increases further to 49.1 and
557 at% after the 24.6-hr and 63-hr exposures respectively. However, the peak shapes
and positions do not change much with treatment indicating that the O-containing species

have closely spaced O 1s BEs. A previous XPS study of PDMS has shown that the




54

oxygen in the PDMS chain has a BE of 532.0 eV [110] while SiO; has a BE of about

532.5 eV [110].
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Figure 3-4. XPS C 1s spectra obtained from a solvent-cleaned, POSS-PDMS film (a)
after insertion into the vacuum system, (b) after a 2-hr, (c¢) 24.6-hr, and 63-hrs exposure
to the hyperthermal AO flux, and (e) 4.75-hr air exposure following the 63-hr AO '
exposure
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Figure 3-5. XPS O 1s spectra obtained from a solvent-cleaned, POSS-PDMS film (a)
after insertion into the vacuum system , (b) after a 2-hr, (c) 24.6-hr, and (d) 63-hr
exposure to the hyperthermal AO flux, and (e) 4.75-hr air exposure following the 63-hr
AO exposure
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Figure 3-6. XPS Si 2p spectra obtained from a solvent-cleaned, POSS-PDMS film (a)
after insertion into the vacuum system, (b) after a 2-hr, (c) 24.6-hr, and (d) 63-hr
exposure to the hyperthermal AO flux, and (e) 4.75-hr air exposure following the 63-hr
AO exposure.
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The Si. 2p peaks obtained from the sample before and after the various treatments
are shown in Figure 3-6. Similar to the O 1s peak, the Si 2p peak for the as-entered
sample (spectrum a) is broad indicating the presence of several chemical states of silicon.
This peak is centered at a BE of 102.7 eV which corresponds to RSiO; s in the POSS
cage. However, spectra b, ¢ and d reveal the formation of a Si0O, layer with incremental
exposures to the AO flux. The fact that little difference is observed in the spectra
obtained after the 24.6- and 63-hr exposures indicates that this silica layer forms a
protective barrier on the surface which prevents further degradation of the polymer with
longer exposure to the AO flux. The significant compositional changes observed indicate
that most of the near-surface region examined by XPS is altered by the AO exposure.
The chemical reactions which form CO, and H,O are exothermic so the local surface
temperature may be relatively high. This fact and the fact that the AO provides a
chemically induced driving force at the surface result in diffusion of subsurface C and H
to the surface where they react with the AO. This mechanism is responsible for the
subsurface compositional alterations observed using XPS and the formation of a

relatively thick SiO, layer.

3.4 Summary

The surface of a POSS-PDMS copolymer film has been characterized in-situ
using XPS before and after exposure to different fluences of AO produced by an ESD
hyperthermal oxygen atom source. The XPS data indicate that the carbon content of the

near-surface region is decreased from 65.0 to 16.3 at% after a 63-hr exposure to an AO

flux of 2 x 10" atoms/cm? s. The oxygen and silicon concentrations in the near-surface

region increase with increasing exposure to the AO flux with the oxygen-to-silicon atom
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ratio increasing from 1.11 for the as-entered sample to 1.99 after a 63-hr AO exposure.
High resolution XPS data suggest that the AO initially attacks the cyclohexyl groups on
the POSS cage forming CO, and H,O which desorb. Increased exposure to the AO flux

results in the formation of a silica layer on the surface which act%a protective barrier

: . /3
preventing further degradation of the underlying polymer.




CHAPTER 4 :
IN-SITU ATOMIC OXYGEN EROSION STUDY OF POLYHEDRAL OLIGOMERIC
SILSESQUIOXANE POLYURETHANE COPOLYMERS

4.1 Introduction

In Chapter 3, a polyhedral oligomeric silsesquioxane-siloxane copolymer
containing a completely inorganic Si-O polymer backbone was shown to form a
passivating ceramic layer upon exposure to hyperthermal oxygen atoms. This silica
(Si0,) layer protects the virgin polymer from undergoing further erosion and resulted in
the healing of surface defects initially present due to sample preparation as shown in
Figure 3-1. This healing effect caused by POSS incorporation within the polymer matrix
would prevent the AO induced undercutting previously reported to occur on materials
with protective coating schemes used in space [13, 24, 30]. In order to investigate if this
healing phenomenon would also occur if POSS was copolymerized into a conventional
C-C backbone organic polymer, similar AO erosion studies were conducted on varying
weight fractions of POSS copolymerized into polyurethane and are reported in this
chapter and have also recently been published [111, 112]. Polyurethanes have been
extensively used on spacecraft as the primary constituents of thermal control paints [8,
11, 113]. In this study, 20 and 60 §vt% POSS-Polyurethane (PU) copolymers have been
characterized in-situ using XPS before and after incremental exposures to the flux

produced by the ESD AO source described in Chapter 2.
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4.2 Experimental
4.2.1 Synthesis of POSS-Polyurethane Copolymers

A typical polyurethane is synthesized by reacting short and long chain diols and
diisocyanates as shown in Figure 4-1. The polymer formed is comprised of hard
segments and soft segments which undergo microphase sepafation due to thermodynamic

incompatibilities that result in the properties of a thermoplastic elastomer [114].
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Figure 4-1. Primary Structure of Polyurethanes.

The macroscopic properties of the polyurethanes are influenced by the interchain
interactions of the hard segments through van der Waals forces and hydrogen bonding.
Polyurethanes with inorganic POSS molecules incorportated into the hard segments were
first synthesized by Fu et al. [115, 116]. POSS incorporation into polyurethanes results
in significant increase in modulus, glass transition temperature and decomposition

temperature as shown in Tables 4-1 and 4-2.
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For this study, polyurethane samples were synthesized in a series of reactions similar to
that described by Fu et al. [115, 116]. The synthetic schemes illustrating the synthesis of
the POSS monomer used for the copolymerization are shown in Figures 4-2 and 4-3.
Vacuum distilled tetrachlorosilane is added dropwise, under nitrogen and in the presence
of excess triethylamine to cyclopentyl POSS trisilanol 1 in THF. The resulting POSS
chloride monomer 2 undergoes hydrolysis upon the addition of acidic water to form the

POSS monosilanol 3.  After workup and isolation, chlorodimethylsilane is added to

monomer 3 under similar conditions to form the POSS mono-hydride monomer 4 [117].

Table 4-1: Polyurethane thermal property enhancements through POSS incorporation.

Polymer Melt Transition °C Tae’ Char Yield% Appearance
0% POSS -49, 22 274 °C 1.4 Viscous Fluid
29% POSS 201 372 °C . 16.0 Solid Rubber

43% POSS 260, 320 344 °C 20.0 Solid Rubber

Table 4-2: Polyurethane Modulus enhancements through POSS incorporation.

POSS Bisphenol A urethanes POSS TMP urethanes
0 wt.% POSS 0.04 Mpa 0 wt.% POSS 0.01 Mpa
17 wt.% POSS 0.42 Mpa 17 wt.% POSS 0.14 Mpa

34 wt.% POSS 1.06 Mpa 34 wt.% POSS 0.39 Mpa
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Figure 4-2. Synthesis of POSS mono-hydride monomer.

As shown in Figure 4-3, the POSS monohydride monomer undergoes a platinum
catalyzed hydrosilation with methylopropane allyl ether 5 to form the POSS-TMP diol
monomer 6 used in the copolymerization reaction. Figure 4-4 shows the synthetic scheme
illustrating the polymerization reaction to form the POSS-PU  polymers.
Diphenylmethane-4,4’-diisocyanate (MDI) and polytetramethylene glycol (PTMG)
(Mw=2000) were mixed in a molar ratio of 2:1 and prepolymerized at 80°C for 2 hrs. The
prepolymer was dissolved into anhydrous polytetrahydrofuran (PTHF). The prepolymer
was then chain extended by‘ addition of POSS-TMP diol at room temperature over 6
hours. The mixture was cooled to 5 °C and 1,4-butanediol (BDO) added drop-wise. The

system was warmed to room temperature and after 1 hour the products were precipitated
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in a 1:1 methanol-water solution, separated by filtration and dried in vacuo. All the

reactions were carried out under nitrogen.

Molecular weights determined using gel

permeation chromatography are presented in Table 4-3.
HO
% OH Pt
—
o CH3
J Ry 0 © /
o,\Si/ \S’i/ Ssi—n
| i A S
/ \R7 \
Q R~\. 0 / o—Si
S Si~ S~
\/O O‘f// R R\ /o\
R/Si\o/Si<o O,Sio si
5
R‘Si//cf Tsicf)
R = cyclopentyl / \ \ R/
Q R o
4 \ O,SI\O S/I\R
Si/ si—O
RTOTTN 6
Figure 4-3. Syntheis of POSS-TMP diol monomer used in copolymerization reaction.
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Figure 4-4. Scheme for synthesis of POSS-polyurethane.
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Table 4-3: Molecular weights of TMP-POSS-Polyurethanes.

Sample POSS (mol%) Molecular weight (Mw) Polydispersity
POSSPU 0 1.5x 10° 242
POSSPU20 0.9 12x10° 2.20
POSSPU40 23 2.0x10° 1.97
POSSPU60 4.8 1.1x10° 1.78
POSSPUS0 10.4 1.5x 10° 2.13

4.2.2 Preparation of Thin Films by Solvent Casting

Thin films of the 20 and 60 wt % POSS-PU were made by solvent casting THF
solutions of 5mg/ml concentration of each polymer onto 1 cm x 1 cm aluminum
substrates. The films were dried at room temperature for 24 hr. Prior to use, the
aluminum substrates were cleaned with Boraxo™ soap and water, rinsed with deionized
water, followed by ultrasonic cleaning in toluene, aceténe, trichloroethylene, acetone and
ethanol successively.

4.2.3 Surface Characterization

Solvent-cast 20 and 60 wt% POSS-PU film were wiped with isopropanol and
inserted into the UHV chamber (base pressure <1.33x107 Pa). XPS measurements were
performed using a double-pass cylindrical mirror analyzer (DPCMA) (PHI Model 25-
270AR). XPS survey spectra were taken in the retarding mode with a pass energy of 50
eV, and high-resolution XPS spectra were taken with a pass energy of 25 eV using Mg
Ko X-rays (PHI Model 04-151 x-ray source). Data collection was accomplished using a
computer interfaced, digital pulse-counting circuit [73] followed by smoothing with

digital-filtering techniques [74]. The sample was tilted 30 degrees off the axis of the
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DPCMA, and the DPCMA accepted electrons emitted into a cone 42.6 + 6 degrees off
the DPCMA axis. |

XPS spectra were first obtained from the as-entered, solvent-cleaned samples.
The samples were then transferred into an adjoining UHV chamber that houses the ESD
O-atom source via a magnetically coupled rotary/linear manipulator. There the surfaces
were exposed to a hyperthermal O flux and re-examined without air exposure after total
exposure times of 2, 24, and 63 hr. The approximate normal distance between the sample
faces and source in this study was 15 cm, at which distance the flux was about 2.0 x 10"
.atoms/cmz—s for the instrument settings used. The éamples were maintained at room
temperature during the AO exposures with a slight temperature increase to 50°C due to
exposure to the‘ X-ray source during XPS data collection. The substrate temperature. was
determined using a chromel-alumel thermocouple. After the 63-hr AO exposure, the
samples were exposed to air (room temperature, ~22°C, rélative humidity ~60%) and

again examined using XPS.

4.3 Results and Discussion

XPS survey spectra obtained from an as received, solvent-wiped 20 and 60 wt%
POSS-polyurethane surfaces before and after the 2, 24 and 63 hr O-atom exposures are
shown in Figures 4-5(a)—4-5(d) and 4-6(a)-4-6(d), respectively. Spectra e in both Figurgé
4-5 and 4-6 were taken after the samples were exposed to air following the 63 hr AO
treatment. The peak assignments shown in Figur% 4-5 and 4-6 pertain to all five spectra.
The predominant peaks apparent in these spectra i?mlude the C 1s, O 1s, Si 2p, Si 2s, O
2s, N 1s, Sn 3d and the Na and O Auger peaks. The presence of Sn is due to the catalyst

system (dibutyltindilaurate) used during polymer synthesis. Na is present in parts per
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million levels in the reactants used to make the catalyst system and migrates to the
surface as a result of AO exposure and affinity for silica. Significant changes in relative
peak heights are observed for the C, O, and Si features following the O-atom exposures.
Estimates c;f the near-surface compositions were calculated from the peak areas in the
high-resolution spectra using published atomic sensitivity factors [67] with the
assumption of a homogeneous surface region. The compositions determined in this
manner are presented in Table 4-4 and 4-5 for the as-entered, O-exposed and air exposed
20 wt% and 60 wt% POSS-PU surfaces. It is important to understand when looking at the

o

data that, theihéﬁiS-eV AO is not energetic enough to penetrate more than one or two
atomic layers ir:to the polymer while, XPS probes as deeply as 30 or more atomic layers
beneath the surfac-e. The significant compositional changes observed indicate that most
of the near-surface region examined by XPS is altered by the AO exposure.

Atomic oxygen exposure results in an increase in the O/Si atomic ratio for both
samples. The 20 wt% POSS-PU sample O/Si ratio increases from an initial 2.28 to 2.93
after the 63.0 hr AO exposure. A similar increase from an initial 1.61 to 1.73 is observed
in Figure 4-5 for the 60 wt % POSS-PU sample. This behavior indicates that complex
chemical reactions occur during AO exposure. The decrease in the O/Si ratio for both
samples after the 24 hr AO exposures could be attributed to the relative increase of Na
and Sn on the surface. However, the overall increase in the O/Si atomic ratio resulting
from exposure to the AO flux is a trend that has been previously observed in similar
study of POSS-PDMS mentioned in Chapter 3. Tt is attributed to the formation of SiO,

and is consistent with the high-resolution spectra that follow. A large reduction in the C

1s peak is observed as a result of the incremental exposures to the AO flux in both
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samples. The near-surface C concentration decreases from 72.5 at% for the as-entered 20
wt% POSS-PU sample to 37.8 at% after the 63.0';;1;_ exposure. The 60 wt% POSS-PU
carbon content decreases from 70.1 to 37.3 at%. This decrease is due‘to reaction of C in
the near-surface region with O to form CO and CO2. In both cases, an increase in the
carbon content is observed after exposure to air and is probably due to the adsorption of

C-containing molecules (e.g., hydrocarbons) from the air.

Table 4-4:. Near-surface composition determined from XPS data obtained from the as-
entered, solvent cleaned, AO and air-exposed 20 wt % POSS-Polyurethane sample.

. AO Fluence Composition, at.% Atom ratio
Surface Sample Treatment Olem? o Si C Sn Na N 0/Si
As entered, solvent cleaned 185 81 725 09 - - 2.28
2-hr AO exposure 144%x107 204 79 707 1.0 - - 2.58
24-hr AO exposure 1.77x 10" 218 95 617 10 30 3.0 . 229
63-hr AO exposure 453%x10"® 326 11.1 378 1.8 13.6 3.1 2.93
4-hr air exposure following 4 53, 1018 389 137 434 20 20 - 2.83

63-h r AO exposure

Table 4-5:. Near-surface composition determined from XPS data obtained from the as-
entered, solvent cleaned, AO and air-exposed 60 wt % POSS-Polyurethane sample.

Surface Sample Treatment AO(;lcliﬁgce o SiComp(gition,Sit.%Na N Ato(r)r; Sr;itio
As entered, solvent cleaned 182 113 70.1 04 - - 1.61
2-hr AO exposure 144x 107 175 112 702 07 04 - 1.56
24-hr AO exposure 177x10"® 237 132 582 09 14 26 179
63-hr AO exposure 453x 10" 353 204 373 13 30 27 173

4-hr air exposure following 4 53, 108 316 146 485 10 27 16 216
63-h r AO exposure

High-resolution XPS C 1s, O 1s and Si 2p spectra obtained from the as-received,

solvent-wiped surface before and after the 2, 24 and 63 hr O-atom exposures are shown
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in (a)-(d) of Figures 4-7 through 4-12 for both samples. Spectra (e) of these figures were
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Figure 4-5. XPS survey spectra obtained from a 20-wt% POSS-polyurethane film after
insertion into the vacuum system (a), after 2 hr (b), 24 hr (¢), and 63 hr exposure to the
hyperthermal AO flux (d), and 4 hr air exposure following the 63 hr exposure ().
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Figure 4-6. XPS survey spectra obtained from a 60 wt% POSS-polyurethane film after

insertion into the vacuum system (a), after a 2 hr (b), 24 hr (c) and 63 hr exposure to the
hyperthermal AO flux (d), and 3.3 hr air exposure following the 63 hr exposure ().
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Variations in peak shapes and positions are observed between the nonexposed, AO-
exposed, and air-exposed surfaces, indicating that the chemical species distribution is
altered by exposure to the AO flux and then to air. In addition, no surface charging of the
sample was evident during the experiment as this would have altefed the spectra resulting
in a significant binding energy (BE) shift. Differential charging also results in peak
broadening or peak multiplicity. This was not observed in this study.

The C 1s peaks, shown in Figures 4-7(a) and 4-8(a), are broad and centered at 285 eV,
indicating that the predominant form of carbon present for Both as entered samples is
aliphatic, located on the hard and soft segments of the polymer chain and the cyclopentyl
groups on the PQSS cages [110]. In spectra b-d of both figures, the C 1s peaks becomes
broader, displaying visible shoulders with increasing exposure to the O-atom flux. A
shoulder due to aromatic carbon is present in these spectra at 284.7 eV. Shoulders are
also visible on the high BE side of the C 1s péak in spectra b, ¢ and d of both figures.
These are probably due to species such as alcohols, formaldehydes (BE ~286.0 to 287.7
eV) and organic acids (BE ~287.5) which form by reaction with the AO flux. These
changes coincide with a decrease in the total carbon concentration in the near surface-
regioh from 72.5 to 37.8 at.% for the 20 wt% POSS-PU sample and a decrease from 70.1
to 37.3 at% for the 60 "Wt% POSS-PU sample. Large reductions in the carbon
concentrations after AQ exposure were also seen in the POSS-PDMS study of Chapter 3
suggesting the selective removal of the cyclopentyl groups surrounding the POSS cages.
Exposure to air (spectrum €) results in a 5.6 at.% increase and an 11.0 at% increase in C
for the 20 wt% and 60 wt% sample respectively. The AO exposure generates reactive

surface sites which most likely adsorb hydrocarbons from the air.
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Figure 4-7. XPS C 1s spectra obtained from a solvent-cleaned, 20-wt% POSS-
polyurethane film after insertion into the vacuum system (), after 2 hr (b), 24 hr (c), and
63 hr exposure to the hyperthermal O-atom flux (d), and 4.0 hr air exposure following the
63 hr O-atom exposure (€).
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Figure 4-8. XPS C 1s spectra obtained from a solvent-cleaned, 60-wt% POSS-
polyurethane film after insertion into the vacuum system (a), after 2 hr (b), 24 hr (c), and
63 hr exposure to the hyperthermal O-atom flux (d), and 3.3 hr air exposure following the
63 hr O-atom exposure (€).
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The O 1s spectra obtained from the as-entered samples are shown in spectra (a) of
Figures 4-9 and 4-10. Boths peaks are broad and centered at 532.1 eV and 531.9 eV for
the 20 wt% and 60 wt% sample respectively. The predominant form of oxygen present
for the as-entered samples corresponds to the carbonyl in the ﬁrethane segment (531.9
V) of the polymer and the oxygen present in the POSS cages (532.0 eV). The oxygen
content on the surface of both samples gradually increases with increasing exposures to
the oxygen-atom source. After 63-h total exposure the oxygen content in the 20 wt%
POSS-PU sample increases from an initial 18.5 to 32.6 at.%. This increase coincides
with the O 1s spectra in (b)-(d) shifting to a higher binding energy corresponding to the
formation of silica on the surface. This trend is also observed for the 60 wt% POSS-PU
sample in Figure 4-10 as well as the POSS-PDMS sample in Chapter 3. Na also migrates
to the surface from the bulk of the polymer as the silica layer is being formed. After 63-h
the Na concentration is 13.6 at.% for the 20 wt% sample and 3.0 at% fo the 60 wt%
sample. Exposure to air results in an increase in the surface O content as the reactive
surface adsorbs hydrocarbons from the air, changing the relative composition on the
surface of the polymer. However, the peak remains centered at the binding energy
corresponding to SiO,, thus indicating that the silica layer formed is chemically stable.
This conclusion is corroborated by the Si 2p spectra discussed next.

The Si 2p peaks obtained for both POSS-PU samples after the various treatments
are shown in Figures 4-11 and 4-12. The Si 2p peaks for both as-entered sample (spectra
a) are broad, indicating thf—: presence of several chemical states of silicon. These peaks

are centered at a BE of 102.7 eV, which corresponds to RSiO; 5 in the POSS cage.
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Figure 4-9. XPS O 1s spectra obtained from a solvent-cleaned, 20-wt% POSS-
polyurethane film after insertion into the vacuum system (a), after 2 hr (b), 24 hr (c), and
63 hr exposure to the hyperthermal O-atom flux (d), and 4.0 hr air exposure following the
63 hr O-atom exposure (€).
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Figure 4-10. XPS O 1s spectra obtained from a solvent-cleaned, 60-wt% POSS-

polyurethane film after insertion into the vacuum system (a), after 2 hr (b), 24 hr (c), and
63 hr exposure to the hyperthermal O-atom flux (d), and 3.3 hr air exposure following the

63 hr O-atom exposure (€).
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Figure 4-11. XPS Si 2p spectra obtained from a solvent-cleaned, 20-wt% POSS-
polyurethane film after insertion into the vacuum system (a), after 2 hr (b), 24 hr (c), and
63 hr exposure to the hyperthermal O-atom flux (d), and 4.0 hr air exposure following the
63 hr O-atom exposure (€).
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Figure 4-12. XPS Si 2p spectra obtained from a solvent-cleaned, 60-wt% POSS-
polyurethane film after insertion into the vacuum system (a), after 2 hr (b), 24 hr (c), and
63 hr exposure to the hyperthermal O-atom flux (d), and 3.3 hr air exposure following the
63 hr O-atom exposure (e).
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However, spectra (b)-(d) in both figures reveal the formation of a SiO, layer with
incremental exposures to the O-atom flux. The fact that for both POSS-PU samples little
difference is observed in the spectra obtained after the 24-hr and 63-hr exposures
indicates that this silica layer forms a protective barrier on the surface which prevents
further degradation of the polymer with longer exposure to the O-atom flux. The 5-eV
AO is not energetic enough to penetrate more than one or two atomic layers into the
polymer while, XPS probes as deeply as 30 or more atomic layers beneath the surface.
The significant compositional changes observed indicate that most of the near-surface
region examined by XPS is altered by the AO exposure. The chemical reactions which
form CO, and H20 are exothermic, so the local surface temperature may be relatively
high. This and the fact that the AO causes a chemically induced driving force result in
diffusion of subsurface C and H to the surface where they react with the AO. This

mechanism is responsible for the subsurface compositional alterations observed using

XPS.

4.4 Summary

The surfaces of two films of a polyhedral oligomeric silsesquioxane-polyurethane
copolymer containing 20 wt% and 60 wt% POSS were characterized in-situ using XPS
before and after exposure to different fluences of oxygen atoms produced by an ESD
hyperthermal oxygen atom source. The XPS data indicate that exposure to AO reduces
the carbon content on the surface by approximately 35 at% after a 63 hr exposure to an
AQ flux of 2.0 x 10'® atoms/cm?-s. High resolution XPS data suggest that the atomic
oxygen initially attacks the cyclopentyl groups on the POSS cage forming CO; and water

which desorb. Increased exposure to the O-atom flux results in the formation of a silica




79

layer on the surface which acts as a protective barrier preventing further degradation of
the underlying polymer. Exposure to air also results in the adsorption of hydrocarbon

species on the reactive surface formed by exposure to AO¢7;
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CHAPTER 5
SYNTHESIS, CHARATERIZATION AND IN-SITU ATOMIC OXYGEN EROSION
STUDIES OF POSS-POLYIMIDES

5.1 Introduction

During the course of this research and development of the ESD atomic oxygen
source, our research group has carried out several erosion studies of polymeric surfaces
used in space. We have also carried out studies of ion-irradiated polymer surfaces,
noting similarities between these studies, as highly reactive surfaces are formed in both
cases. In particular, we have studied the high performance polyimide Kapton, a widely
used spacecraft material which has previously been examined in numerous other AO
studiés using plasma sources, laser excitation sources and actual space flight data. The
general conclusion from these studies is that the oxygen concentration in the near-surface
region is increased somewhat by AO exposure. In addition, Kapton has been reported to
erode significantly with a reported atomic oxygen reaction efficiency (Re) of 3.0 x 10
cm>/atom of AO [15, 25]. Early degradation studies oftliesé class of polyimides revealed
the evolution of CO, CO, and hydrogen during decomposition [118].

The polyimide Kapton is synthesized in a condensation polymerization of the
monomers 4,4’-oxydianiline (ODA) and pyromellitic dianhydride (PMDA) in the
presence of a polar aprotic solvent such as N,N-dimethylacetamide (DMAC) as shown in
Figure 5-1. The resulting polyamic acid, a soluble, tractable precursor, is then usually
cast as a film by removing the solvent under vacuum followed by imidization through

curing under nitrogen at elevated temperatures of around 300°C.
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Figure 5-1. Synthesis of Kapton (PMDA-ODA) polyimide through condensation
polymerization of pyromellitic dianhydride and oxydianiline.

The resulting polyimides are semi rigid-rod, ladder like polymers, which are insoluble,
have excellent thermal stability and mechanical properties as well as low dielectric
constants. Morphological studies of this polymer have revealed that these macroscopic

properties are dependent on the microstructural organization of the PMDA-ODA polymer
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chains [119]. This organization is strongly dependent on the processing' method
employed. Ojeda and Martin [119] imaged PMDA-ODA crystals using high resolution
electron microscopy revealing highly ordered lamellar structures oriented perpendicular
to the molecular chain direction as shown in Figure 5-2 and 5-3. Their analysis
concluded that not only could these polymerji fold about the biphenyl-ether linkages in the

ODA segment, but that bending is also possible at the covalent imide nitrogen bond as

well.

é
£
3

Figure 5-2. High resolution electron microscopy image of PMDA-ODA crystal lamellae;
reprinted from reference [119] with permission from the American Chemical Society.




Figure 5-3. Computer simulated high resolution electron microscopy images of
crystalline PMDA-ODA showing comformational zigzag of the molecule resulting in
observed lamellar structure; reprinted from reference [119] with permission from the

American Chemical Society.

In order to understand the AO erosion mechanism of polyimides, our research
group carried out studies of a Kapton 300 HN film [120, 121] using the ESD AO source
described in Chapter 2. In these investigations, Kapton films were exposed to an AO flux
for increasing time periods and the surfaces intermittently characterized using X-ray
photoelectron spectroscopy (XPS). Since the ESD AO source and XPS analysis chamber
are contained in the same ultrahigh vacuum system the sample was not exposed to air
after the AO exposure and before analysis. In order to lay the foundation and set a basis
for comparison for POSS-polyimides later in this chapter, the results of these studies are
briefly summarized below.

The PMDA-ODA Kapton molecular structure with labled atomic sites and their
corresponding electron binding energies are shown in Figure 5-4 and Table 5-1
respectively. Figure 5-5 shows the XPS survey spectra obtained from the Kapton film (a)

after insertion into the UHV system, (b) after a 20-min AO exposure, (c) after a 24-hr
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AO exposure and then (d) a 3-hr air exposure. With increasing AO fluence the Ols peak
height is decreased relative to the heights of the C 1s and N 1s peaks. After a 24 hr AO
exposufe the O concentration on the surface decreased frdm an initial 18.1 at% to 9.2
at%. This is in éontrast to reports from ofher studies from space and ground simulations
indicating that there is a significant increase in the oxygen concentration of Kapton

surfaces after AO exposure.

n

" Figure 5-4. Molecular structure of Kapton (PMDA-ODA) with numerically labeled
atomic sites.

After exposure of the AO-exposed surface to air, the O 1s peak height is significantly
increased relative to the C 1s and N 1s peak heights. The O concentration increases to a
calculated 17.9 at%. ThiAs result indicates that a highly reactive surface forms during AO
exposure and that this surface reacts with components in air to increase the near-surface
oxygen concentration. This result explains why all other studies have found an increase
in the near-surface oxygen concenfration. In those other studies the samples either were

exposed to air before characterization or contaminants including O,, H,O, etc. were

contained in the AO flux.
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Table 5-1: Kapton Binding Energies [110].

Cls O1ls
Parameter 1 2 3 4 5 6 1 2 N 1s
BE, eV 2847 285.6 2857 285.8 286.3 288.6 532.0 533.2 400.6
- % 36 10 10 17 10 17 77 23 100

Further insight into the erosion mechanism can be gained by examining the high-
resolution C 1s and N 1s features shown in Figures 5-6 and 5-7 and relating this
information to the PMDA-ODA Kapton structure shown in_jffi_gure 5-4.  An obvious
change in the C 1s spectrum with increasing AO exposure is th“ef loss of the C (6) feature
which is due to reaction of the carbonyl groups with AO to form CO,. If these carbonyl
groups are chemically eroded out of the polymer matrix, then a change in the chemical
state of the nitrogen should be the case. This is clearly observed in the N 1s spectra. As
the C (6) feature is lost, a new C-N feature becomes -apparent. As surface species. are
removed from the Kapton surface by AO, chemical bonds are broken leaving reactive
radical species behind which do not crosslink due to geometrical bonding constraints
[12019These experiments demonstrate that AO erésion studies of polymers must be
carried out without air exposure and using a source which produces a high purity AO
flux. Furthermore, the initial Kapton surface is quite smooth, and it becomes quite rough

with AO exposure according to AFM data.
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Figure 5-5. XPS survey spectra obtained from a solvent-cleaned, Kapton film after (a)
insertion into the vacuum system, (b) a 20-min, and (c) a 24-h exposure to the
hyperthermal AO flux, and (d) a 3-hr air exposure following the 24-hr exposure [120].
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‘Figure 5-6. High Resolution C 1s and O 1s spectra obtained from a solvent-cleaned,

Kapton film after () insertion into the vacuum system, (b) a 20-min, and (c) a 24-h
exposure to the hyperthermal AO flux, and (d) a 3-hr air exposure following the 24-hr
exposure [120].
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Figure 5-7. High Resolution N 1s spectra obtained from a solvent-cleaned, Kapton film
after () insertion into the vacuum system, (b) a 20-min, and (c) a 24-h exposure to the
hyperthermal AO flux, and (d) a 3-hr air exposure following the 24-hr exposure [120].
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Our research group has collaborated with researchers at Geselschaft fﬁr
Schwerionen Forschung (GSI) in Darmstadt on ion irradiation of polymer surfaces. The
goal is to use a focused, high-energy beam of ions to alter the refractive index of
pélymers such as polymethylmethacryl_ate (PMMA) to produce optical waveguides for
computer chip applications. In these studies similar results to those obtained in the AO-
exposed Kapton study were obtained. Highly reactive surfaces are produced by ion
irradiation and these surfaces react with air. Again, cross-linking is not"o}dominant
mechanism leaving reactive unsaturated bonds at the surface. The masses of the species
emitted during ion irradiation were monitored, and the distribution was observed to move
toward lighter species as the polymer chains were broken by the high-energy ions. These
experimental results contradict previous studies in which only low-mass species were
detected and in which cross-linking was proposed. However, these results are consistent
with a molecular dynamic simulation by Beardmore and Smith [122]. Based on these
results our research group carried out a comparison study of ion-irradiated Kapton versus
AO-irradiated Kapton [121]. In this study we found that there are many similarities
between Kapton surfaces irradiated with AO and 1-keV Ar®. One explanation is that the
sputtering effect of 5 eV AO is as significant as 'its chemical reactivity. This will be

examined more thoroughly in future studies.

5.2 Development of First POSS-Aniline Monomer For Polyimide Synthesis

Polyhedral oligomeric silsesquioxanes are an interesting class of three
dimensional-caged Si-O clusters derived from the hydrolytic condensation of
trifunctional organosilicon monomers as discussed in Chapter 1. Feher et al. have

focused on developing new routes for synthesizing incompletely condensed
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silsesquioxane frameworks which serve as versatile precursors to hybrid oranic-inorganic
polymers. Recently, Feher’s group reported acid and base mediated methods of
selectively cleaving fully condensed silsesquioxanes [45, 46, 123, 124]. Particularly,
fhey reported that cleavage of a single Si~O-Si linkage in RgSigOq, can be achieved
directly with complete retention of stereochemistry at Si to afford endo disilanols with
structure 2 as showri in Figure 5-8. These disilanols can then be reacted with strong acids
HBF./BF; under controlled conditions to substitute the two hydroxyl groups with F atoms

with inversion of stereochemistry. Details of this synthesis and characterization of 3 has

been reported in reference [47].

R R R /OH HO\ R F\ R R F
N O~ \a e _si Si
g 3 o o HBF 4BF 3 R, 220 i\
Reglr \Si/o\ Et4NOH Ragq O~ 3 seg sl
o \\R 0 > 7 Q \\R o - / \ \ R/O
? R\s o S./ Q é 0 s/ ] Resie sl
\/O, I\O,. /oll\R \/O ]\O‘ /O,I\R \S/o OS— d R
! o ’ - i i
" Sl\O/S|\ /S'\O/SI\ R’ N \R
R R
1 2 3

R= cyclopentyl, cyclohexyl, methyl, isobutyl
Figure 5-8. Base mediated selective Si-O-Si cleavage of fully condensed silsesquioxane.

The resulting POSS exodiflouride 3 has since then been used as a precursor for a
difucntional POSS aniline monomer RgSigOq1(PhNH>), which can bé copolymerized to
form POSS-polyimides. The synthetic scheme for this difunctional POSS aniline
monomer shown in Figure 5-9 was also first developed by Feher et al. and relayed to our
research group at AFRL/PRSM through personal communication. The reaction is
moisture and air sensitive, must be carried out under inert atmosphere and involves an

amine protecting step as described below.
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5.2.1 Synthesis of (c-C¢H1)sSi301:1[p-CsHsNH:],

Under a nitrogen atmosphere, 4-bromoaniline (1 g, 5.81 mmol) was added to a 15
ml diethylether solution of triethylamine (1.29 mg, 12.78 mmol). In a separate flask,
vacuum distilled 1,2-bis(chlorodimethylsilyl)ethane (1.25 g, 5.81 mmol) was disloved in
15 ml of diethylether and the solution was transferred to an addition funnel and added
dropwise to the bromoaniline triethylamine solution.‘ A white precipitate of triethylamine
HCI salt formed immeciiatcly and the solution is ;et té) stir overnight. The solution was
filtered and solvent removed under vacuum. The compound 5 is then redissolved in
B diethylether at upon v};lch 1 equivalent of a 1.6 M butyllithium solution is added dropwise
under nitrogen atmosphere in order to undergo halogen-metal exchange at 0 °C. The
resulting product 6 is reacted in diethylether with 2 equivalents of POSS exodiflouride 3
resulting in precipitation of LiF salts which are subsequently filtered. The dried product
is then dissolved in a 3:1:3 diethylether:methanol: THF solution to which is added a 5
mol% solution of pyridinium p-toluenesulfonate (PPTS) while stirring at room
temperature for 30 min. The resulting light yellow solution is extracted with diethylether

L {;f«,;;.-u <

~—. and washed with brine. The extract 1§ 1S diréd%cgver NaZSO%ﬁltered and solvent removed
4 div e {4 )

— under reduced pressure to ;@_‘9_{@ %)White solid which is recrystallized from hexane. The
Wodurc (¢

final POSS dianiline product 8 i; moisture, air and light sensitive and is stored under

nitrogen in a dry box. The 'H, °C and ¥Si NMR 400MHz spectra for this compound in

CDCl; are shown in Figures 5-10, 5-11 and 5-12 respectively. "H NMR (CDCl5) & 0.56-

0.74 (m, 8H), 0.90-1.36 (m, 40H), 1.46-1.90 (m, 40H), 3.80 (s, 4H), 6.69 (d, 3J=8.2Hz,

4H), 7.41 (d, >J = 8.2 Hz, 4H). 3¢ NMR (CDCl;) & 22.95, 24.46, 26.44, 26.51, 26.78,
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26.84, 26.89, 26.93, 27.44, 27.65, 27.70, 27.77, 114.22, 124.14, 135.57, 147.47. 2si
NMR (CDCls) & -68.59, -66.93, -33.95. Anal. Caled or Cgp HiooN2OniSis: C, 57.65; H,

8.06; N, 2.24. Found: C, 57.72; H 8.18; N, 2.26.
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Figure 5-9. Synthesis of (c-C¢Hi1)sSisO011[p-CsHaNH,]; POSS dianiline monomer used
in POSS-polyimide synthesis.
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Figure 5-10. '"H NMR of (c-CeHi1)sSigO11[p-CsHaNH,], POSS dianiline monomer in
CDCls.
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Figure 5-11. *C NMR of (c-CgHi1)sSisOn1 [p-CeHsNH,,POSS dianiline monomer in
CDCls.
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Figure 5-12. 2Si NMR of (c-C¢H11)sSi5011[p-CsHsNH, ], POSS dianiline monomer in
CDC(Cls.

~ 5.2.2 Synthesis of POSS-Polyimides.

Representative procedure for the preparation of 5 weight % POSS polyimide: A
small 3-neck round bottom flask was dried in an oven, then equipped with a mechanical
stirring apparatus. The system was purged with dry nitrogen for 30 min. 44’-
oxydianiline (450 mg, 2.25 mmol) and POSS-dianiline 8 (49 mg, 0.040 mmol) were
added to a flame-dried 25 mL round bottom flask in a drybox. Pyromellitic dianhydride
(500 mg, 2.29 mmol) was added to a separate, flame-dried 25 mL round bottom flask ina
drybox. The ﬂgks were sealed with rubber septa, and DMAc (previously purified via
distillation t%m%aO at reduced pressure) (3 mL) was added to each flask via syringe.
The anilines readily dissolved, while the dianhydride only partially dissolved. DMAc (5

mL) was added to the 3-necked flask via syringe. The solution of anilines was

transferred to the 3-neck flask via syringe, and the 25 mL flask was washed with 2 X 1
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mL of DMAc. The washes were transferred to the 3-neck flask. The dianhydride slurry
was added to.the reaction mixture via syringe and the 25 mL flask was washed with 2 X 1
mL DMAc. Upon addition of the dianhydride, the solution immediately became viscous,
homogeneous, and yellow in color. The poly(amic acid) solution was stirred for 4 h at
room temperature. A film is then cast from the resulting poly(amic acid) on a clean glass

plate and placed in a clean oven with flowing nitrogen at 80 degrees Celsius for 4 hours.

les n

The temperature of the oven is then slowly raised to 300 °C at which point the film is let
cure for approximately 1 hour. The synthetic scheme for this synthesis is illustrated in

Figure 5-13.

5.3 Mechanical and Thermal Properties of POSS-Polyimides

The linear viscoelastic properties of polyimides with differing amounts of POSS
incorporation were determined using a dynamical mechanical analyzer in tensile mode
over a wide range of temperatures [125]. Figure 5-14 presents a comparison of storage
modulus, E'(T), as a function of temperature for polyimides with 0 %, 5 wt%, and 10
wt% POSS segments, respectively. All polymers exhibited a mechanical relaxation
transition at temperature near 400 °C indicating the onset of large scale thermally induced
motions. It is well known that this type of pquimide, Kapton, does not flow at elevated
temperature. This was confirmed by the change in the magnitude of E'(T) at the transition
temperature, i.e., from around 1 GPa to 100 MPa. Normal (flexible) polymers wou]d
have dropped down to about 1 MP@AS shown in Figure 5-14, at temperatures below this
relaxation, the magnitude of E'(T) was not significantly affected by the addition of POSS

segment in the polymer chain. However, at temperatures above this relaxation, the
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magnitude of E'(T) increases asgé;nount of POSS segments in the polymer chain

increases.
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Figure 5-13. Synthesis of POSS- Polyimide.
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The corresponding value of the plateau moduli depends on the amount of POSS
incorporation in the polymer. The appearance of these plateau at temperatures above the
mechanical relaxation transition, indicate a very strong POSS-POSS interaction where
the modulus of polymer was not affectéd by the change in temperature. These

observations suggest that the presence of POSS reduces the motion of]_‘polymer chain/)\ -

reinforcing it through these POSS-POSS interactions in a manner that could be analogous

to entanglements.

Figures 5-15 and 5-16 shows thermal gravimetric analysis (TGA) charts of

Kapton control and 5, 10 and 30 wt% POSS-polyimides under nitrogen and air purge

respectively.
1010
= = — = 10% POSS
-~ T 5% POSS
— — 0% POSS
g
— 10°
i -
10° ! I | |
0 100 200 300 400 500

Temp (°C) .
Figure 5-14. Plot of storage modulus E’(T) vs. temperature for Kapton and POSS-
Kapton Polymers
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—— As can be seen form Figure 5-15, the onset of thermal degradation under a nitrogen

atmosphere for the POSS containing polyimides begins sooner with higher POSS content.
This could be attributed to the pyrolyzation of the weak Si-C bonds corresponding to the
cyclohexyl groups surrounding the POSS cages. However, this degradation levels off
sooner for polyimides with higher POSS content resuling in{ gé_lgﬁgr‘f:}lg{yl_eld;than for
the Kapton control sample. A similar trend is observed for the same experiment
conducted in air as shown in Figure 5-16. In this case however, there is a higher

magnitude drop in the resulting char yields for each polymer since they pyrolyzed in air.
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Figure 5-15. TGA for Kapton and POSS-Kapton polyimides under Ny, 10 °C/min heat
ramp.
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Figure 5-16. TGA for Kapton and POSS-Kapton polyimides under air, 10 °C/min heat

ramp.

5.4 Experimental

5.4.1 Profilometry and Atomic Oxygen Etching Experiments

Samples of several POSS polymers, including POSS-Polyimides underwent a

se@?és of AO etching experiments conducted through a collaboration established with
Prof. Timothy K. Minton from the chemistry department of Montana State University at
Boezman. During these expeﬁmegts, these samples were exposed to an oxygen plasma
—— beam produced by a 5 J oule-pul{ég,ed CO;, laser source described in Chapter 2 containing

oxygen atoms with average kinetic energies of 2-15 eV.
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Hyperthermal AO Beam

Screen
Sample

Figure5-17. Diagram illustrating AO etching experiment using a protective screen to
shield selective areas of the sample for profilometry measurements.

As depicted in Figure 5-17, a protective screen was placed in-between the sample
and beam path in order to selectively erode only certain portions of the samples. The
difference in etch depth between the eroded and protected part of the samples were then
measured using stylus surface profilometry. Surface profilometry is a technique in which
a diamond stylus, in contact with a sample, can measure minute physical surface
variations as a function of position. It is commonly used to measure film thickness in
thin film deposition and processing. Another important application is the measurement
of crater depths for those surface analysis methods such as secondary ion mass
spectrometry (SIMS) that use ion sputtering for depth profiling. Figure 5-18 (a) and (b)
show magnified profilometry photographs of an etched, commercially available Kapton
HN standard and a 10 wt% POSS-Kapton polyimide sample after being exposed to a total
fluence of 8.47 x 10%° atoms/cm®. By measuring the difference in height between the
etched and unetched portions of the polymer sample, it is possible to calculate an AO
reaction efficiency (R.) or erosion rate for the material for a given flux. Profilometry

measurements for the Kapton HN standard and a 10 wt% POSS-Kapton polyimide
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|
1
1 sample of Figure 5-18 after a total fluence of 8.47 x 10%° atoms/cm? are shown in Figure
‘ 5-19.

= 3 i sl . (b)
Figure 5-18. Magnified profilometry photographs of (a) the etched Kapton HN standard
and (b) a 10 wt % POSS-Kapton polyimide sample. The dark regions correspond to the
unetched areas protected by the screen.
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Figure 5-19. Profilometry measurements ’,q’bbtained from Kapton HN and a 10 wt%
POSS-Kapton polyimide after a total AO fluence of 8.47 x 10% atoms/cm’.

These measurements reveal that the average etch depth for the Kapton HN standard was
24.5 microns which corresponds to a calculated Re of 3.00 x 10%* cm*/atom. This value
agrees with previously reported erosion rates based on space flown and ground tested
Kapton samples [22]. However, under the same conditions, the 10 wt% POSS—Kaptdn
polyimide etched on average only 2.2 microns corresponding to an R, of 2.56 x 105
cm’/atom. It is interesting to not¢ that this full order of magnitude improvement in
atomic oxygen reaction efficiency is brought about by only a 10 wt % (approximately 1
mole%) addition of POSS copolymerized in the polymer matrix.

The experiment was repeated for a total AO fluence of 2.62 x 10%° atoms/cm’
exposing a commercially available Kapton HN standard, a Kapton control sample with

10 POSS and a 10 and 20 wt% POSS-Kapton sample. Figure 5-20 shows a multiplot of




103

the profilometry measurementé of these samples. The data for these plots, summarized in
Table 5-2, reveal a decreasing average etch depth and corresponding atomic oxygen
reaction efficiency as the POSS content in the polymer increases. Again, a full order
magnitude improvement in the atomic oxygen reaction efficiency is obtained from
addition of 10 wt% POSS;ﬁWhﬂe addition of 20 wt% POSS improves the reaction
efficiency by 22.5 times. As discussed in Chapters 3 and 4, this superior resistance to
AO induced erosion can be attributed to the silsesquioxane reacting and forming a
protective silica layer oﬁ the surface of the polymer preventing it from eroding even
further. In order to confirm that indeed this is the case for these POSS polyimides as
well, the surfaces were characterized using in-situ XPS before and after exposure to the

AO flux produced by the ESD source described in Chapter 2. These results are presented

below.

Table 5-2: POSS-Polyimide AO Reaction efficiencies determined from profilometry data.

Kapton HN 0% POSS- 10% POSS- 20% POSS-
P Kapton Kapton Kapton
Avg Etch Depth (um) 7.85 9.14 1.17 0.41
Std Deviation 0.05 0.18 0.07 0.07

Re cm’/atom 3.00x10%*  3.49x10% 439 x10°% 1.55x10%
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Figure 5-20. Multiplot of profilometry measurements obtained from Kapton HN and 0,
10 and 20 wt% POSS-Kapton polyimides exposed to a total AO fluence of 2.62 x 10%°
atoms/cm?.
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5.4.2 Surface Characterization

A 10 wt% POSS-Polyimide film was wiped with isopropanol and inserted into the
UHV chamber (base pressure <1 33x107 Pa). XPS measurements were performed using
a double-pass cylindrical mirror analyzer (DPCMA) (PHI Model 25-270AR). XPS
survey spectra were taken in the retarding mode with a pass energy of 50 eV, and high-
resolution XPS spectra were taken with a pass energy of 25 eV using Mg K« X-rays (PHI
Model 04-151 x-ray source). Data collection was accomplished using a computer
interfaced, digital pulse-counting circuit [73] followed by smoothing with digital-filtering
techniques [74]. The sample was tilted 30 degrees off the axis of the DPCMA, and the
DPCMA accepted electrons emitted into a cone 42.6 = 6 degrees off the DPCMA axis.

XPS spectra were first obtained from the as-entered, solvent-cleaned sample. The
sample Wés then transferred inio an adjoining UHV chamber that houses the ESD O-atom
source via a magnetically coupled rotary/linear manipulator. There the surface was
exposed to a hyperthermal O flux and re-examined without air exposure after total
exposure times of 2, 24, and 40 hrs. The approximate normal distance between the
sample faces and source in this study was 15 cm, at which distance the flux was about 2.0
x 10"° atoms/cm?-s for the instrument settings used. The sa@ple was maintained at room
temperature during the AO exposures with a slight temperature increase to 50°C due to
exposure to the X-ray source during XPS data collection. The substrate temperature was
determined using a chromel-alumel thermocouple. After the 40 hr AO exposure, the
sample was exposed to air (room temperature, ~22°C, relative humidity ~60%) and again

examined using XPS.
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5.5 Results and Discussion

The POSS-Kapton molecular structure with labled atomic sites is shown in Figure
5.21. XPS survey spectra obtained from a solvent-wiped 10 wt% POSS-polyimide
surface before and after the 2, 24 and 40 hr AO exposures and final air exposure/ﬂare
. shown in Figure 5-22. The peak assignments shown in Figure 5-22 pertain to all five
spectra. The predominant peaks apparent in these spectra include the C1s,N1s, O 1s, Si
2p, Si 2s, O 2s and O Auger peaks. Significant changes in relative peak heights are
observed for the C, O, and Si features following the O-atom exposures. An estimate of
the near-surface compositions has been calculated from the peak areas in the high
resolution spectra by as§pmiﬁg that this region is homogeneous and using published

. e s N ¢ .. . . .
atomic sensitivity factor§[67]. The compositions determined in this manner are presented

in Table 5-3 for the as-entered, AO-exposed and air-exposed surfaces.

Figure 5-21. Molecular structure of POSS-Kapton with numerically labeled atomic sites.
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Table 5-3: Near-surface composition determined from XPS data obtained from the as-
entered, solvent cleaned, AO and air-exposed 10 wt% POSS-Polyimide sample.

AO Fluence Composition, at.% Atom ratio
Surface Sample Treatment O/em> 0 Si C N 0/Si
As entered, solvent cleaned 15.9 4.6 74.5 49 3.4
2-h r AO exposure 144x 107 143 49 726 82 2.9
24-hr AO exposure 1.77x 10" 111 44 796 49 25
40-hr AO exposure 453x10" 9.1 37 815 5.6 2.4
Air exposed 453x10% 139 35 768 58 3.9

As previously explained, XPS is a surface sensitive technique ideally suited for
studying AO erosion of spacecraft materials. The outermost surface region which is
affected to the greatest extent due to reaction with AO also makes the largest contribution
to the XPS signal. The weighted average compositional values of the near-surface region
determined using the homogeneous assumption are sﬁown in Table 5-3 as a function of
AO fluence. They provide a trend which is indicative of the chemical alterations
occurring during AO exposﬁre. This trend is supported by the chemical state alterations
determined by XPS, which are discussed below.

As can be seen in Figure 5-22, the O 1s peak decréases significantly upon
exposure to AO beam. As a result, the O-to-Si atomic ratio of 3.4 for the as-entered
sample, decreases gradually to 2.4 after the 40 hr AO exposure. This reduction of }Ejgl’e
0/Si ratio is due to AO induced surface compositional changes resulting in the removal
of carbonyl groups from the polymer chain and formatidn of a surface silica layer as shall
be explained in the high resolution spectra that follow. After cxbosure to air, the O-to-Si
_atomic ratio increases to 3.9 corresponding to adsorption of species present in air. An
overall increase is observed in the C concentration on the surface during increased
exposure. Since the surface compositions presented in Table 5-3 are relative, it is

expected that as the O concentration decreases the C and Si would increase.
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10 wt% POSS Kapton Polyimide

XPS SURVEY
Cls
(a) as-entered
.
0 (KVV)
(b) 2hrs |
w
z | X ‘
= . .
; O 1s
5 (c) 24 hrs & ‘%‘&D
3 T
@ .
Z W
| N
w
, e
PP TT FTTTTTT I I [TTTTISTTI FITTTTITTI NTIRITITI[TINTITATISIRNTARAATANNILATATAIINN unlseerens

900 800 700 600 500 400 300 200 100 O
Binding Energy (eV)

Figure 5-22. XPS survey spectra obtained from a 10-wt% POSS-polyimide film after
insertion into the vacuum system (a), after 2 hr (b), 24 hr (c), and 40 hr exposure to the
hyperthermal AO flux (d), and air exposure following the 40 hr exposure (€).
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High-resolution XPS C 1s, O 1s, N 1s and Si 2p spectra obtained from the as-
received, solvent-wiped surface before and after the 2, 24 and 40 hr O-atom exposures
are shown in (a)-(d) of Figures 5-23 through 5-26. Spectra () of these figures were
obtained after the exposure to air following the 40 hr AO exposure. Variations in peak
shapes and positions are observed between the' nonexposed, AO-exposed, and air-
exposed surfaces, indicating that the chemical species distribution is altered by exposure
to the AO flux and then to air. In addition, no surface charging of the sample was evident
during the experiment as this would have altered the spectra resulting in a significant
binding energy (BE) shift. Differential charging would have resulted in peak broadening
or peak multiplicity, however, this was not observed in this study.

The C 1s peak for the as entered sample in Figure 5-23 is broad and centef& at
P

284.7 indicating the predominant form of carbon present is aromatic. A high ;?T)inding —_—

energy shoulder is present at 288.6 eV corresponding to the carbonyl carbon (6) in Figure
5-21. However, as was also observed in Figure 5-6 for Kapton, this shoulder diminishes
upon exposure to AO. This is due to erosion of the carbonyl groups from the polymer
backbone. This also results in a chemical state change of nitrogen on the surface as
observed in the N 1s spectra in Figure 5-24.

The N 1s spectra for the as entered sample is qggtered at 400.6 eV which, as
indicated in Table 5-1, corresponds to nitrogen bqnde:d .';s an imide functional group.
However, as with regular Kapton, as the N-C=0 bonds are broken upon removal of the

carbonyl groups to form CO and CO,, a lower binding energy shoulder begins to emerge

in the N 1s spectra.
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10wt% POSS-Kapton Polyimide
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Figure 5-23. XPS C 1s spectra obtained from a 10-wt% POSS-polyimide film after
insertion into the vacuum system (a), after 2 hr (b), 24 hr (c), and 40 hr exposure to the
hyperthermal AO flux (d), and air exposure following the 40 hr exposure (e).
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Figure‘5-24. XPS N 1s spectra obtained from a 10-wt% POSS-polyimide film after
insertion into the vacuum system (a), after 2 hr (b), 24 hr (c), and 40 hr exposure to the
hyperthermal AO flux (d), and air exposure following the 40 hr exposure (€).
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10wt% POSS-Kapton Polyimide
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Figure 5-25. XPS O 1s spectra obtained from a 10-wt% POSS-polyimide film after

insertion into the vacuum system (), after 2 hr (b), 24 hr (c), and 40 hr exposure to the
hyperthermal AO flux (d), and air exposure following the 40 hr exposure (e).
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— Figure 5-26. XPS G‘:T;is(pectra obtained from a 10-wt% POSS-polyimide film after
insertion into the vacuum system (a), after 2 hr (b), 24 hr (c), and 40 hr exposure to the
hyperthermal AO flux (d), and air exposure following the 40 hr exposure (e).
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The chemical state changes in carbon and nitrogen associated with erosion also
coincide with chemical state changes in the O 1s and Si 2p spectra in Figufes 5-25 and 5-
26, which as with other POSS-polymers, reveal the formation of a silica layer on the
outer surface. Upon inspection, it is evident from these spectra that a transition occurs
for oxygen and silicon from a lower binding energy corresponding to the silsesquioxane
to a higher binding energy and oxidation state associated with the formation of SiO; on
the surface. These changes are presumably responsible for the reduced erosion rates and
improved AO reaction efficiencies discussed earlier. In addition, it has been shown that
POSS can be nano-dispersed throughout the polymer matrix which would provide the
added benefit of forming a truly self healing | polymer free from the undercutting

phenomenon observed in protective coating schemes mentioned in Chapter 1 and

illustrated in Figure 1-2.

5.6 (MISSE) Materials on International Space Station Experiment
— Recently, BK}?;;s’earch group at the Air Force Research Laboratory at Edwards
N AFB,}\ CA, was able to seéure a space flight opportunity for the POSS-Polyimides
presented in this chapter on the International Space Station (ISS) through a collaboration
with NASA and Boeing. Nine POSS-polymer samples were submitted to participate n
the Materials on International Space Station Experiment (MISSE). MISSE is a
cooperati.ve experiment involving Principle Investigators from Boeing Phantom Works,
the Air Force Research Laboratory, and NASA’s Langley Research Center t%ng; i\/Iarshall
!

7
J
Space Flight Center and Glenn Research Center.
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__—  TFigure 5-27. Astronaut installing one,the Passive Experiment Containers containing
POSS polymer samples onto the Interhational Space Station during STS-105 [NASA

Ve

The MISSE was transported to the ISS and attached to the exterior of the ISS

during the STS 105 mission (August 10, 2001). The MISSE will be exposed to the space
environments for 18 months while on the ISS. The experiment utilizes Passive

Experiment Containers (PECs) developed by Langley Research Center (LaRC) and first
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used for ISS Phase I Risk Mitigation Experiments on Mir. Figure 5-27 shows an
astronaut installing one of the PEC trays containing samples onto the exterior of one of
the airlocks on the ISS. A close up of PEC tray 1 containing the POSS samples is shown
in Figure 5-28. Figure 5-29 shows where the PEC containers are located in relation to the
ISS. The nine POSS samples are arranged vertically, one after another, on the far left
edge of the first vertical tray. The first POSS sample is the third disc from the top. The
MISSE will characterize the performance of candidate new space materials over the
course of one and three year exposure periods on-orbit. Upon retrieval, the samples will

be returned to the principal investigators for analysis.

Figure 5-28. Close up view of tray containing POSS samples on Passive Experiment
Container of the MISSE project on the ISS.




117

Figure 5-29. Diagram illustrating the location of the MISSE PEC containers in relation
to the ISS.

5.7 Summary

Polyimides containing varying weight percent POSS have been‘ synthesized and
characterized with XPS before and after exposure to AO. XPS analysis reveals the rapid
formation of a silica surface layer preventing futher degradation of the underlying virgin
polymer. In addition, surface profilometry measurements show that the addition of POSS

to the polyimide structure imparts an order of magnitiute improvement in the erosion

yield.




118

CHAPTER 6
IN-SITU ATOMIC OXYGEN EROSION STUDY OF FLUOROPOLYMER FILMS
AND POLYETHYLENE USING X-RAY PHOTOELECTRON SPECTROSCOPY

6.1 Introduction

Several studies have been conducted on the deterioration of fluorinated polymers
retrieved from spacecraft subjected to the LEO environment. In particular, it has been
reported that the outer layer of Teflon fluorinated - ethylene propylene multi-layer
insulation on the Hubble Space Telescope (HST) was observed to be significantly
cracked at the time of the Second HST Servicing Mission, 6.8 years after it was launched
into low Earth orbit [14, 126]'. Comparatively minor embrittlement and cracking were
also observed in the FEP materials retrieved from solar-facing surfaces on the HST at the
time of the First Servicing Mission (3.6 years of exposure). It has also been reported that
an increased deterioration of fluorinated polymers results frém the synergistic effect of
VUV radiation in the presence of atomic oxygen [40]. Thin films of flourinated
polymers such as Teflon FEP are used as the outer layer of multi-layer thermal control
insulation because of their superior optical properties, including low solar absorptance
and high thermal reflectance. A metalized layer is applied to the backside in order to
reflect incident sunlight [14]. Figure 6-1 (a) and (‘b) show astronauts assessing the
damage done to the multi-layer insulation of the HST and removing samples for further

analysis during the second HST servicing mission in February 1997.
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Figure 6-1. Photographs of astronauts servicing the Hubble Space Telescope and
retrieving samples of degraded metalized Teflon multilayer insulation for further
analysis; NASA photo [14].
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In this study, a series of fluoropolymer films was exposed to AOi\.éroduoed by the
ESD source described in Chapter 2> in an effort to further understand AO induced
degradation mechanisms and to also establish a basis of comparison with future POSS-
fluorinated-polymers. The three polymers chosen for this study (Figure 6-2) were Tedlar,
poly(vinyl fluoride) (PVF), Tefzel, poly(vinylidene fluoride) (PVdF), and Teflon,
poly(tetrafluoroethylene) (PTFE) having fluorine-to-carbon ratios of 1:2, 1:1, and 2:1

respectively.

H,

HDPE PVF PVdF

Figure 6-2. Chemical structures of the polymers used in this study.

These polymers were compared with high-density polyethylene (HDPE) which
does not contain fluorine. The study of these polymers having similar structure but
increasing fluorine content shows a correlation between chemical composition and
induced chemical and structural alterations by AO exposure. The data indicates that AO
initially attacks the fluorine portion of the polymers resulting in substantial decrease in
the near-surface fluorine concentration as observed through lower binding energy shifts
in both the high resolution C 1s and F 1s spectra. The near surface fluorine formed
volatile species upon reaction with AO as evidenced by outgassing a resulting pressure

increase in the reaction chamber during exposure.
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6.2 Experimental

As received iEI du Pont Nemours & Co., Inc\j;:;Teﬂon, Tedlar, Tefzel and HDPE
films were wiped with isopropanol and inserted into the UHV chamber (base pressure
<1.33x107 Pa). XPS measurements were performed using a double-pass cylindrical
mirror analyzer (DPCMA) (PHI Model 25-270AR). XPS survey spectra were taken in
the retarding mode with a pass energy of 50 eV, and high-resolution XPS spectra were
taken with a pass energy of 25 eV using Mg Ka X-rays (PHI Model 04-151 x-ray
source). Data collection was accomplished using a computer interfaced, digital pulse-
counting circuit [73] followed by smoothing with digital-filtering techniques [74]. The
sample was tilted 30 degrees off the axis of the DPCMA, and the DPCMA accepted

electrons emitted into a cone 42.6 + 6 degrees off the DPCMA axis.

Table 6-1: Polymer Name, Binding Energies, F/C ratio and Structure

, Binding Energy (eV)
Polymer Cls Fls F:C
1 2
(a) Poly(ethylene), high density (HDPE)
[CH,.-CH,-1, 28500  N/A N/A 0
(b) Tedlar, Poly(vinyl fluoride) (PVF) )
[CH,.CHF 1, 28574 28791  686.94 1:2
(c) Tefzel, Poly(viny! fluoride) (PVdF) . )
[-CH,-CF»-], , 286.44 29090  688.15 1:1
(d) Teflon, Poly(tetrafluorethylene) (PTFE) 297 43 N/A 689.67 21
[-CF,-CF2-]

XPS spectra were first obtained from the as-entered, solvent-cleaned sample. The
sample was then transferred into an adjoining UHV chamber that houses the ESD AO

“source via a magnetically coupled rotary/linear manipulator. There the surface was
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exposed to a hyperthermal O flux and re-examined without air exposure after aithotal
exposure time of 15 minutes. The samples were exposed for only ISEC\Bgcau‘se.}the
pressure in the reaction chamber rapidly increased when the fluorinated samples were
exposed to AO. This outgassing was a cause of concern because it is very difficult to
remdve fluorine contamination from the chamber. Therefore a short exposure time was
used. At no time were the samples exposed to air after the initial insertion ino the UHV
chamber. The approximate normal distance between the sample face and source in this
study was 15 cm, at which distance the flux was about 2.0 x 10'° atoms/cm’-s for the
instrument settings used. The sample was maintained at room temperature during the AO
exposures with a slight temperature increase to 50°C due to exposure to the X-ray source
during XPS data collection. The substrate temperature was détermined using a chromel-

alumel thermocouple. Polymer structural repeat units, F-to-C ratios and reference

binding energies (BE) used in this study are given in Table 6-1.

6.3 Results and Discussion

6.3.1 Short 15 minute Exposure of Fluoropolymers and Polyethylene

XPS survey spectra obtained from the as-received, solvent-wiped polymer films
before and after the 15 min AO exposure are shown in Figure 6-3. The peak assignments
shown in Figure 6-3 pertain to all eight spectra. The predominant peaks apparent in these
spectra include the C 1s for all the samples in addition to the F 1s, F Auger (KLL) and F
2s for the fluoropolymers. Significant changes in relative peak shapes and heights are
observed for the C and F features in the fluoropolymers following the AO exposures.
However, little to no change was observed in the spectra corresponding to po]yethylené

as a result of the 15 min exposure to AO. Estimates of the near-surface compositions
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have been made from the peak areas in the high-resolution spectra using published

atomic sensitivity factors [67] with the assumption of a homogeneous surface region.

Table 6-2: Near-surface composition (atomic %) determined from XPS data obtained
from the as-entered, solvent cleaned, and 15 min AO exposed HDPE and fluoropolymer
samples.

Composition, at.% F:C ratio
Polymer Surface As-entered 15 min AO Experimental Theoretical
C F C F As-entered 15 min AO
HDPE [-CH,-CH,-], 100 0 100 0 0 0 0
PVF [-CH,-CHF-], 69.2 30.8 86.2 13.8 0.89:2 0.32:2 1:2
PVAdF [-CH,-CF,-], 52.1 479 621 379 0.92:1 0.61:1 1
PTFE [-CF,-CF,-], 342 658 380 620 1.92:2 1.63:2 2:1

The compositions determined using the homogeneous assumption are shown in
Table 6-2 before and after the 15 min exposure to AO. It is interesting to note that no
oxygen is detected in either the survey or high-resolution spectra before and after

exposure to AO.

High-resolution XPS C 1s, and F 1s spectra obtained from the as-received,
solvent-wiped polymers before and aftér the 15 minute AO exposures are shown in a-d
and a-c of Figures 6-4 and 6-5, respectively. Variations in peak shapes and positions are
observed between the non-exposed and AO-exposed fluoropolymer surfaces, indicating
that the chemical species distribution is altered by‘exposure to the AO flux. No surface
charging of the sample was evident during the experiment as this would have resulted in
a significant binding energy (BE) shift. Differential charging would have manifested

itself through peak Broadening or peak multiplicity. However, this was not observed.
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Figure 6-3. XPS survey spectra obtained from a solvent-cleaned, HDPE film after (a)
insertion into the vacuum system (a)* 15-min AO exposure; PVF after (b) insertion into
vacuum system, (b)*after 15-min AO exposure; PVdF after (c) insertion into vacuum
system, (c)*after 15-min AO exposure; PTFE after (d) insertion into vacuum system,
(d)*after 15-min AO exposure.
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Figure 6-4. XPS C 1s spectra obtained from a solvent-cleaned, HDPE film after (a)
insertion into the vacuum system (2)* 15-min AO exposure; PVF after (b) insertion into
vacuum system, (b)*after 15-min AO exposure; PVdF after (c) insertion into vacuum
system, (c)*after 15-min AO exposure; PTFE after (d) insertion into vacuum system,
(d)*after 15-min AO exposure.
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Figure 6-5. XPS F 1s spectra obtained from a solvent-cleaned, PVF filim after (a)
insertion into vacuum system, (a)*after 15-min AO exposure; PVdF after (b) insertion
into vacuum system, (b)*after 15-min AO exposure; PTFE after (c) insertion into vacuum
system, (c)*after 15-min AO exposure. '
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The C 1s features shown in Figure 6-4 indicate that the predominant forms of
carbon in the as-entered samples agree well with referenced BE values [110]. Each of
these carbons is in a different electrostatic environment and therefore exhibits a different
chemical shift, producing C 1s peaks in different positions in the spectrum. The C 1s
peak for aliphatic, hydrogen-saturated carbon of HDPE is broad and centered at 285.0 eV
[110]. Carbon in the most electronegative environment (PTFE) (Teflon) in Figure 6-4d‘
appears at the highest binding energy. This is because the electronegative fluorine atoms
withdraw electron density from the valence and bonding orbitals of the carbon atom,
thereby reducing the sc;eening of the core electrons from the nuclear charge and
increasing their binding energy. No changes in the C chemical-state are observed for the
HDPE sample after the 15 min exposure to AO. However, significant reductions in the
fluorinated carbon species are observed for the ﬂuorepolymer films. As seen in C 1s
spectra for PVF (Tedlar) in Figure 6-4b*, the peak corresponding to the monofluoro-

substituted carbon (-CHF-) is almost drastically reduced. This change coincides with a

decrease in the total fluorine concentration in the near surface-region of 17 at.%. Figure

T Pte
g

6-4c* also reveals 5 substantial decrease in the peak corresponding to the diﬂuoror}j’iated
carbon species (-CF,-) of PVAF (Tefzel) upon exposure to AO. This change coincides
with a decrease in the total fluorine concentration in the near surface-region of 10 at.%.
However, a large shoulder develops at én approximate BE of 288 eV corresponding to
the formation of the monofluoro-substituted carbon. Essentially, AO attacks Tedlar and
Tefzel by cleaving off a fluorine from the polymer backbone. Atomic oxygen reacts
differently with PTFE (Teflon) resulting in —CF; branching as seen in Figure 6-5d*. This

probably results from scission of the polymer chain and subsequent loss of molecular
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weight and mechanical properﬁes of the polymer. This is consistent with the results
obtained from post density, NMR and DSC analysis of the Teflon FEP samples retrieved
from the HST [14].

All the observations made of the C 1s spectra after AO exposure are consistent
with the F 1s spectra shov;/n jngFigure 6-5. After AO exposure, the F 1s peak for PVF

— (Tedlar) shown in Figure;4afis significantly reduced. Also, both the F 1s spectra for

PVAF (Tefzel) and PTFE (Teflon) shift to lower binding energy values and broaden with

5 27 . H b
gz ( D gand ¢ f

newly developed low BE shoulders as seen in Figuré‘il%-'—'andwe’.’”' These low BE shoulders
forméd after AO exposure correspond well with the chemical-state of the fluorine found
" in the precediﬁg polymer of this homologous series when arranged by increasing F:C
ratio (Tedlar<Tefzel<Teflon). .No specific F 1s feature is seen for the ~CFs formation in
—— the PTFE ggi{have reference BE values for £his chemic‘al state been found in the literature.
The —CF; is found in various polymer films such as Viton, Fomblin Y and poly(vinyl
trifluoroacetate), however, no specific feature or BE is assigned to this F chemical-state
[110]. |
6.3.2 Prolonged AO expdsure of Polyethelyene

Longer exposures of polyethylene to AO were also conducted and characterized
by XPS. Previous experiments on polyethylene have revealed the evolution of volatile
CO and CO; as a result of AO exposure [127-128]. In this section of experiments, the
HDPE sample was exposed for 25 hrs followed by a 2 hr exposure to 200 Torr O,. The
sample was then exposed to AO for 61 h;s followed by a 1 hr exposure to 200 Torr O,.

XPS survey spectra for the HDPE sample under these conditions are shown in

—

7 ~~"" " apparent by looking at these spectra that an <,

Figure 6-6. An O 1s peak is apparent in spectra (b) after 25 hrs of exposure to AO.
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6.4 Summary

| In this study, a homologous series of fluoropolymers, commonly used in space
applications, was characterized with XPS before and after a 15-minute exposure to the
flux produced by a unique hyperthermal atomic oxygen source of 10" atoms/cm®-s. The
linear polymers investigated in this study (HDPE, Tedlar (PVF), Tefzel (PVdF),
Teflon(PTFE)) possess a similar base structure with increasing fluorine-to-carbon ratios
of 0, 1:2, 1:1 and 2:1 respectively. No interaction of the AO with the non-fluorine
containing linear polymer HDPE was detected for the length of time exposed. However,
a correlation exits between the chemical composition of the fluorinated polymers and the
induced chemical and structural alterations occurring in the near-surface region as a result
of exposure to AO. The XPS data indicates that AO initially attacks the fluorine poﬁioﬁ
of the polymers resulting in substantial decrease in the near-surface fluorine
concentration as observed through lower binding energy shifts in both high resolution C
1s and F 1s spectra. The near-surface fluorine-to-carbon ratios of Tedlar, Tefzel and

Teflon decreased during AO exposure by 68%, 39% and 18.5% respectively.




CHAPTER 7 :
NEW SYNTHETIC ROUTE AND NMR CHARACTERIZATION OF POSS ANILINES
FOR POLYIMIDES

7.1 Introduction

'As discussed in Chapter 5, several POSS-polyimides were synthesized and
characterized before and after exposure to atomic oxygen. The Air Force anticipates that
POSS-polyimide polymers may have potential uses in spacecraft applications as thermal
control surfaces and solar array substrates. Recent studies have demonstrated that POSS-
polyimides show superior resistance to atomic oxygen attack over conventional
polyimides. The Air Force is also conducting research on using POSS-polyimides as low
dielectric materials for electronic applicaﬁons. Unfortunately, the polymers originally
synthesized are based on POSS-monomers (Section 5.2.1) that are tedious, expensive and
have little chance for scale-up. The synthetic reactions involved are moisture and air
sensitive, must be carried out under inert atmosphere and include an amine protecting
step. This chapter describes a new air and moisture stable, efficient, synthetic route for
obtaining POSS aniline monomers which can be subsequently used for polyimide
synthesis. The aniline monomers developed (4 and 8) are also less expensive to make
and can be scaled up easily. Their synthetic schemes are depicted in Figure?%l and 7-2.
As described below, nuclear magnetic resonance (NMR) characterization and reactivity
studies have shown that these new POSS-aniline monomers are in fact a mixture of the
ortho, meta and para isomers. Preliminary reactivity studies have also shown that these

monomers react with anhydrides similar to those used in polyimide synthesis.
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7.2 Experimental

7.2.1 General Information

Solvents such as THF, ether and hexane were dried by passage through activated
alumina columns. [129]. Triethylamine was dried by refluxing over.sodium metal and
distilled prior to use. The POSS-silanols, 1 and 5, were either synthesized according to
the literature methods [130-134] or obtained from Hybrid Plastics Inq¢[107]§;sAII NMR
spectra were collected on either a Bruker 300 or 400 MHz instrument an\;w;l;tained from
CDCls solutions. 'H, '*C and *’Si NMR spectra (reported in ppm using the & scale) were

referenced to residual CHCI; at 7.26 ppm, to CDCls at 77.0 ppm, and to external SiMe, at

e

0 ppm, respectively. HPLC were obtained on d HP 1090 Liquid Chromatograph by —

injecting 10 uL of a 5 ppt sample onto a polyvinylalcohol-silicagel column and eluting at
1 mL / minute using a 5 vol % THF / 95 vol % cyclohexane mobile phase and a Varex

MKIII evaporative light scattering detector.

7.2.2 Synthesis of Cp,Ts aniline {(c-C5Hy9)7SigOy2[p,m,0-CcH4NH, ]}

The synthetic scheme for Cp;Ts aniline is depicted in Figure 7-1. It involves 3
synthetic steps, corner capping a POSS trisilanol 1 with phenyltrichlorosilane, nitration in
fuming nitric acid, and reduction using Zn/HCl. Other methods for reduction were
attempted including reaction with formic acid and Pd/C, as well as catalytic

hydrogenation with H, and Pd/C. However, these were not successful or the reactions

e took @?long to go to completion.

i
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7.2.2.1 Preparation of Cp,Tg phenyl {(c-CsHy9)7S13012C¢Hs}

The reaction was conducted under nitrogen using oven-dried glassware, and dry
solvents. 100 grams (1 equivalent) of POSS trisilanol 1 was added along with 3.3
equivalents of triethylamine dissolved in 500 ggazfs THF while stirring to a 1 .L round -
bottom flask. To this, a pressure equalizing addition funnel containing 1 equivalent of

phenyltrichlorosilane and 200 mL of THF was attached The sﬂane was added over a

S s S M_.‘m““‘"““"««\

couple of hours to malntam good stirring. \ijhe solution will get warm and the )
e

‘”““"‘“" y f’ ced
triethylamine HCI salt will make stirring dlfﬁcultxsgeela}}y the add]ton rate IS t%@ 2%

The reaction was allowed to proceed while stirring overnight. The remainder of the
procedure was conducted in air. The solution was filtered to remove most of the
NEt;HCI, washed with diethylether and transfered to .seperatory funnel. The combined
organic filtrate was washed with water (100 mL), IM HCI (100 mL), and brine (100 mL)
dried over MgSOa\\ﬁltered and most of the organic solvent temoved under vacuum. The
resulting thick slurry poured into about 400 mL of methanol to fully precipitate the
product 2, which was collected on a glass frit and air-dried to give a 90% yield. 'H and
BC NMR spectra are shown in Figures 7-3 and 7-4 respectively. "H NMR: 7.66(m,
aromatic CH, 2H), 7.41(m, aromatic CH, 3H), 1.76 (m, CH,, 14H), 1.56(m, CH,, 42H),
1.02(m, CH, 7H). >C NMR: 134.03, 132.18, 130.16, 127.60 (aromatic), 27.32, 27.02,

26.96 (CH,), 22.26 (CH). *’Si NMR: -66.0, -66.4, -79.7 (3:4:1).
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Figure 7-4. '*C NMR of of Cp;Ts phenyl {(c-CsHi5);Sis012CsHs} .

7.2.2.2 Nitration: Preparation of Cp;Ts nitrobenzene {(c-CsHy9)7SigO12[p,m,0-
CcsH4NO 1}

10 grams of Cp;Tsphenyl (2) was dissolved in approximately 150 mL of carbon
tetrachloride. In a 500 mL round bottom flask, 50 mL of concentrated H,SO4 followed
by 50 mL of concentrated HNO; were added slowly while stirring. The

Cp7Tgphenyl/CCly solution was then slowly transferred via a pipette to the acid solution
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WL Bbeesa
_— while stirring and Jet-%tir for about lhr. 500mL DI water was placed in a 1 L round

bottom flask and chilled in an ice bath. The acid/ Cp7Tgphen311 /CCly solution was then
slowly added to the chilled DI water. Everything was then transferred to a seperatory
furmel and extracted three times with 25 mL of CCly. The CCly organic layer is the
bottom layer in the seperatory funnel. Some floating white/yellowish compound was
present between the aqueous and organic layeff however, this was recovered by gently
swirling the sep funnel and adding more CCly. Thls was followed by an extraction with
brine. After recovering the orgainc layer in ar;: Erleﬁmeyer flask, sodium bicarbonate was
used to neutralize the solution. The solution ;vas then filtered and the organic solvent
removed under vacuum. The resulting material was redissolved in THF (75 mlL),
precipitated in methanol (300 mL), collected in a glass frit and air dried resulting in a
fine white powder giving a 90% yield. The product 3, is a mixture of the para (8%), meta
{(37%) and ortho (55%) isomers as confirmed through proton homodecoupling and 2
dimensional 'H,"H correlation spectroscopy (COSY) [135] shown later. 'H, 1*C, and *Si
NMR spectra are shown in Figures 7-5 through 7-7 respectively. Figure 7-8 shows the
HPLC. 'H NMR: 8.52(d, Jy.p = 2.0 Hz, aromatic CH, meta), 8.26(m, aromatic CH,
meta), 8.20(m, aromatic CH, ortho, para), 8.03(m, aromatic CH, ortho,) 7.96(m, aromatic
CH, meta), 7.83 (d, aromatic CH, para), 7.67(m, aromatic CH, ortho), 7.62(m, aromatic
CH, ortho), 7.55(t, aromatic CH, meta), 1.76 (m, CHa, 14H), 1.56(m, CHz, 42H), 1.02(m,
CH, 7H). “C NMR: 153.30, 149.27, 147.64, 140.56, 139.92, 137.7, 135.01, 134.82,
133.09, 131.24, 128.88, 128.73, 127.99, 124.95, 123.73, 122.28, (aromatic), 27.29, 27.20,

e PR K

27.02, 27.00, 26.99, 26.80 (CHy), 22.26, 22.20, 22.15, 22.06 (CH). *’Si NMR: -66.15,- |

.

—

v ET

N

e

66.18, -66.27, -66.34, -66.46, -78.25 (meta), —78.76 (para), 79.90 (ortho).
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Figure 7-5. "H NMR of Cp;Ts nitrobenzene {(c-CsH19)7S1304 2[p,m,0-CsHsNO ]}
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Figure 7-8. HPLC Of Cp7Tg nitrobenzene {(C—C5H19)7Si8012[p, m,o-C6H4N02]}.
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7.2.2.3 Reductionv: Preparation of Cp,Ts aniline {(c-CsH9)7Sis012[p,m,0-CsH,NH, ]}

5 grams of Cp;Tg nitrobenzene (3) and 6 equivalents of zinc were dissolved in
THF in a 500 mL round bottom flask while stirring. To the resulting dark grey stirring
slurry, approximately 7 equivalents of concentrated (12M) HCI was added slowly via
syringe. The reaction bubbled slightly as hydrogen gas was produced in a competing
reaction. As the reaction proceeded, the solution began to clear as the remaining zinc
agglomerated and sank to the bottom of the stirring flask. The resulting ZnCl, that
formed was soluble in THF. The reaction wasfe?to stir for about 1 hour after which it
was filtered using a glass frit to remove any excess zinc. The filtrate was dried under
vacuum and redissolved in a minimal amount of diethylether (10 mL). This was then
precipitated in methanol (50 mL), filtered and dried in air resulting in an off-white fine
powder giving an 87% yield. The product 4/ is a mixture of the para (5%), meta (38%) -
and ortho (57%) isomers as confirmed through proton homodecoupling and 2
dimensional 1H,IH COSY shown later. ]H, 13C, and ?Si NMR spectra 'are shown in
Figures 7-9 through 7-11 respectively. "H NMR: 7.46(m, aromatic CH, ortho), 7.23(m,

aromatic CH, para), 7.21(m, aromatic CH, meta), 7.20(m, aromatic CH, ortho,) 7.06(m,

"aromatic CH, meta), 6.82 (m, aromatic CH, ortho), 6.74(m, aromatic CH, ortho), 6.63(d,

Ty = 8.0 Hz, aromatic CH, ortho), 4.10(s, NH», 2H), 1.76 (m, CHo, 14H), 1.53(m, CHa,
42H), 1.02(m, CH, 7H). _13C.NMR: 151.91, 144.12, 135.89, 135.47, 133.28, 131.69,
128.65, 128.65, 125.20, 121.25, 117.69, 117.30, 114.98, 114.56, 114.4 (aromatic), 27.33,
27.28, 27.00, 26.96 (CH,), 22.24, 22.20, 22.16 (CH). 28 NMR: -65.86, -65.92, -66.00,

-66.09, -66.16, -78.,-66.21, -66.30, -78.05, -79.01, -79.82.
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Figure 7-10. °C NMR of Cp;Ts aniline {(c-CsHi0)78isO12[p,m,0-CsHiNH, 1}
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Figure 7-11. 2°Si NMR of Cp;Ts aniline {(c-CsHio)7SigOna[p,m,0-CsHaNH]}

7.2.3 Synthesis of CpsTsD; dianiline {(c—C5H1‘9)7Si9013[p,m,o-C6H4NH2]2}
The synthetic scheme for CpsTsD; dianiline 8 is depicted in Figure 7-2. It

involves 3 synthetic steps, capping a POSS endodiol 5 with diphenyldichlorosilane,

nitration in fuming nitric acid, and reduction using Zn/HCl. At the time of this writing,

. the end product, 8, had not been fully characterized due to difficulty in isolating and
7

purification of the final product.

7.2.3.1 Preparation of Cpg TsD, diphenyl {(c-CsH9)sSigO13[CsHal2}

The reaction was conducted in a glove box under nitrogen using oven-dried
glassware, and dry solvents. To a 100 mL round bottom flask, 10 grams (1 equivalent)

of POSS endodiol 5 was added along with 4.4 equivalents of triethylamine dissolved in

. 50 mls THF while stirring; 1.25 equivalents of vacuum distilled diphenyldichlorosilane

was added to the reaction flask via pippete. Efle solution will get warm and the

o D

IF ot et B
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triethylamine HCI salt will make stirring difficult, Especially if the additon rate is t_fcf/fgst}

friovin
The reaction was lét stir overnight. The remainder of the procedure was conducted in air.

The solutioﬁ was filtered in a glass frit to remove most of the Net;HCI, washed with

e
diethylether and the filtrate transfered to seperatory funnel. The combined organic

s

filtrate was washed with water, 1M HCI and brine, dried over MgSOs, filtered and most

of the organic solvent removed under vacuum. The resulting thick slurry of POSS-
A

o

phenyl in THF/Et20 was precipitated in methanol and fé,t\f stir several hours after whichfii?" -~

fwg the product 6 was collected on a glass frit and air-dried to give an 84% yield. 'H and
13C NMR spectra are shown in Figures 7-12 and 7-13 respectively. 'H NMR: 7.68(m,
aromatic CH, 4H), 7.37(m, aromatic CH, 6H), 1.76 (m, CHy, 16H),~1.56(m, CH,, 48H),
0.97(m, CH, 8H). '>C NMR: 135.88, 134.21, 129.62, 127.49 (aromatic), 27.33, 27.31,

27.26,27.12, 27.09, 27.04, 27.02 (CH,), 23.24, 22.62, 22.27 (CH).

Si-(CgHs)2

Figure 7-12. '"H NMR of CpsTsD; diphenyl {(c-CsHi9)sSigO13[CeHala}
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Figure 7-13. *C NMR of CpngDl dipheny! {(c-CsH)0)sSi5013[CeHalo}
7.2.3.2 Nitration: Preparation of Cpg Tng dinitrobenzene {(c-C5H19)8819013[p,m o-

CeH4NO; ]2}

10 grams of CpsTsD; diphenyl (6) was dissolved in approximately 150 mL of
carbon tetrachloride. In a 500 mL round bottoni flask 50 mL of H,SO4 by 50 mL of
concentrated HNO; wére added slowly while stirring. The CpsTsD; diphenyl /CCly
solution was then slowly transferred via a pipette to the acid solution while stirring and

- LSet; ;tlr for about 1hr. 500mL DI water was placed in a 1 L round bottom flask and chilled

in an ice bath. The acid/ CpgTsD; diphenyl /CCls solution was then slowly added to the

chilled DI water. Everything was then transferred to a seperatory funnel and extracted

pasii. b
three times with 25 mL of CCl;. The CCly organic layer }%ﬁ*the bottom layer in the

seperatory funnel. Some floating white/yellowish compound was present between the

,’\
.. — aqueous and organic layer‘however this was recovered by gently swirling the sep funnel

and adding more CCl,. This was followed by an extraction with brine. After recovering

the orgainc layer in an jé:rlenmeyer flask, sodium bicarbonate was used to neutralize the
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solution. The solution was then ﬁltered and the organic solvent removed uﬁder vacuum.
The resulting material was redissolved in THF (75 mL), precipitated in methanol (300
mL), collected in a glass frit and air dried resulting in a fine white powder giving a 90%
yield. The resulting product is a mixture of the ortho-ortho, ortho-meta, ortho-para,
meta-meta, meta-para, and para—para isomers. 'H NMR and HPLC are shown in Figures
7-14 and 7-15 respectively. HPLC clearly shows five of the isomers. The para-para

isomer has the lowest probability of occurring and does not appear in the plot.

Si-(CgHsNO,),

T

1 10 ppm

A X ‘I T

. 20 5
T T T T T T T T T T T T T T ’
g5 84 83 82 81 8o 79 78 77 76 175 74 ppm §
L ] o
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[’//
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Figure 7-14. '"H NMR of Cps TsD; dinitrobenzene {(c-CsH19)sS1501 3[p,m,0-CsHsNO, )1} .

65.525
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Peak No. Time Type Height(uV) Area(nV-sec) Area%

1 3.223 N1 62785 547958 7.230

2 3.591 N2 57201 648860 8.561

3 3.786 N3 17967 124074 1.637

4 3.981 - N4 259972 1984602 26.186

5 4.231 N5 615237 4273126 56.383
Total Area 7578620 99.997

Figure 7-15. HPLC of Cps T3gD; dinitrobenzene {(c-CsH,9)sSi9013[p,m,0-CsHsNO, ]2} .

~7.2.3.3 Reduction: Preparation of CpgTgD;dianiline {(c-CsH9)sSisO13[p,m,0-
CeHaNH)2} : et

5 grams of CpgTsD; dinitrobenzene and 12 equivalents ofJZ{ﬁc were dissolved in
THF in a 500 mL round bottom flask while stirring. To the resulting dark grey stirring
slurry, approximately 14 equivalents of concentrated (12M) HCl was added slowly via
syringe. The reaction bubbled slightly as hydrogen gas was produced in a competing

reaction. As the reaction proceededs, the solution began to clear up as the remaining zinc

agglomerated and sank to the bottom of the stirring flask. The resulting ZnCl, that

v
¥

formed was soluble in THF. The reaction was let to stir for about 1 hour after which'A’vas
then filtered to remove any excess zinc. The filtrate was dried under vacuum and the

solids were redissolved in a minimal amount of diethylether. This was then precipitated
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in methanol (50 mL), filtered and dried in air.resulting in an off-white fine powder giving ——

an 89% yield.

7.3 Results and Discussion

Cp-Ts aniline was synthesized first as a model compound because it was easier to
characterize through NMR than the dianiline monomer 8. Two dimensional 'H-'H COSY
NMR experiments of the nitraﬁon product 3, Cp;Ts nitrobenzene, and the reduction
product 4, Cp;Ts aniline, revealed that these monomers are a mixture of the meta, para
and ortho isomers. Figurg? 6@}\ \shows the aromatic region of the "H NMR spectra of 3
with the peaks assigned to the corresponding isomers. Figure 7-17 shows the two
dimensional 1H—]H COSY NMR of this region. This experiment, along with proton
homonuclear decoupling experiments provided sufficient information to adequately

assign peaks corresponding to the meta, ortho or para isomer of Cp;T7 nitrobenzene 3.

Analysis of this data and calculations based on the integral values of the 'H NMR of the
o -

aromatic region reveal that 3},’§is a mixture of the para (8%), meta (37%) and ortho (55%) )
This agrees well with calculations based on 13C NMR which result in the ratio of ortho,
meta and para to be 50%, 43% and 7% respectively. These results are interesting
because the POSS cage has been shown to be electron withdrawing, and electron-
withdrawing groups are considered to be meta directors. However, in this case a
significant amount of the ortho isomer is present. Even more surprising is the fact that if
in this case the POSS cage is also directing ortho and para, that the sterically-hindered
ortho would be the more predominant isomer. Figure 7-1/9%shows the aromatic region of —-—

the 'H NMR spectra of 4 with the peaks assigned to the corresponding isomers.




150

T 1 T T T T T T T T

7.7 {{7'6 7].5 74 7.3 7.2 74 70 6.9 6.8 6.7 ppm
Figure 7-19. 1H NMR of the aromatic region of Cp7Ts aniline with peaks assigned to the
ortho, meta and para isomer.
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Figure 7-20. 'H-'"H NMR COSY of the aromatic region of Cp;Ts aniline.
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Figure 7-{2—'Oﬁshows the 'H-'"H NMR COSY of the aromatic region of 4. Analysis of this

data and calculations based on the integral values of the 'H NMR of the aromatic region

___— reveal that 4; is a mixture of the para (5%), meta (38%) and ortho (57%) )

7\ / \
o —\NHz -——\NHs'CI'
(N R‘sa O~

Si

sty \Si<d\o S R\Si’O}o\sKo,\
\ \ R/ o} \ g ©
Q Ry 9 o Q R /
\/0_ \O./’O/ ~gr \ O_Sl\o_/,ei\R
S oS CDCl3 /Si/\ oS
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4: Cp4Tg aniline
f o
L

Figure 7—l2€i!. Reaction scheme for the synthesis of Cp;Ts aniline/HCI salt.

In order to ascertain that during synthesis of 4, the free base was indeed formed, 2
series of NMR tube reactions was conducted wherein 0.1 equivalents of HCI were added
to Cp;Tg aniline to form the HCI salt while monitored intermittently with '"H NMR.

ar
_—— Figure 7-2i§'depicts the reaction scheme. During these experiments the HCI salt indeed
formed with the most basic of the isomers (meta) reacting-ﬁrst; Since the POSS cage is
electron-withdrawing, the meta isomer would be the most basic, as shown in Figure 7-,,‘7:7:»"5%w
and would therefore be the first isomer to react to form the HCI salt as shown in Figure 7-

e

“ 2 . . . . ' .
23 This was further evidence that the correct isomer assignments had been given to the

Ea

complex NMR spectra.
+3 EJSHZ
+8 5 +& —8
—5 +5 NH2 N
POSS POSS POSS
o3 Ortho Meta Para

Figure 7;2'2 Basicity of isomers as affected by electron withdrawing POSS cage.
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Figure 7;23 Formation of Cp;Ts aniline/HCI salt as monitored by 'H NMR.
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Since the majority (57%) of 4 was calculated to be the ortho isomer, there was
boncern that steric hindrence of the nitro group in relation with the POSS cage would
impair its ability to react with an anhydride as would be the case to form a polyimide. In
order to confirm that the molecule was indeed reactive, 4 was reacted with phthalic
anhydride followed by chemical imidization with acetic anhydride as depicted in Figure

N 214

72%. 'H NMR of the reaction before chemical imidization is shown in Figure 7;2%
Comparing this spectra with the spectra for 4 (Figure 7-19) it is evident that the monomer -
indeed reacted. In addition, the NH group of 9 is visible at 8.57 ppm. Upon chemical

imidization with acetic anhydride the NH peak is no longer visible and instead a broader

acid peak corresponding to acetic acid emerges at 11 ppm as seen in Figure 7-26.

——/ NH,
N fo) -—\N
O,Si/ \SI o N (o]
sy el 5 s
Re .z . HO
VRN + 9 s TSRS
\/O:Si\o,/,?‘\R Q \ o / ©
/SI\O/&\ ] 4 \ OS'\O’/’§'\R
/SJ\O/SI'\—\‘O
4: Cp;Tganiline R R
9
o}
o o VAR
)J\ /U\ _\N
© \/O/O\Sl\ 0
_— e ——— N
/ \ R / 4+  Ho

i< 10
Figure 7- 24 Reaction of Cp;Tg aniline with phthalic anhydrlde and subsequent chemical
imidization with acetice anhydride.
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~ Figure 7;2% "H NMR of the reaction of Cp;T; aniline with phthalic anhydride.

CH;COOH

CH;COOH

Si-(CsHy)
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— Figure 7-26. "H NMR of the reaction of Cp,Tg aniline with phthalic anhydride after
chemical imidization with acetic anhydride.

In order to further address the issue of steric hindrance of the ortho isomer
impairing these new POSS anilines from reacting to form polyimides, some very simple
three dimensional modeling was carried out using the Chem3D program. Three
dimensional space filling and ball and stick models of otrtho-CpgTgD;dianiline were

derived using crystal structure coordinates obtained from X-ray diffraction data of
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CpsSigOg(SiMey) [136].  The SiMe; unit was replaced with a Si(o—CgHsNHz)z unit to

Yin i
e A

show that the amines are not too crowded to react. Figurei:7-,25/" and 7-28 show

stereoviews of these models.

R
1

Figure 7-2;‘/ Stereoview of space filling model of otrtho-CpgTsD;dianiline.

Figure 7-27. Stereoview of ball and stick model of otrtho-CpgTsD;dianiline.
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7.4 Summary

A new efficient route for synthesizing POSS aniline monomers was developed.
The monomers formed are a mixture of the ortho, meta and para isomers, primarily ortho.
The reactivity of the model monomer was verified by reacting with phthalic énhydride
and simple 3 dimensional modeling using crystal structure coordinates obtained from X-
ray diffraction measuremehts reveal that steric hindrance of the ortho isomer is not a

concern.




CHAPTER 8
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

8.1 Atomic Oxygen Survivability of POSS-Polymers

The surfaces of a variety of polymers with and without polyhedral oligomeric
silsesquioxanes were examined using XPS before and after exposure to atomic oxygen.
We have shown that the addition of POSS to polymers results in improved resistance to
degradation induced by AO exposure. This resistance is due to the rapid formation of a
passivating silica layer which serves to protect the underlying virgin polymer from
further erosion. In some cases, measurements have shown that a 1 mole % addition of
POSS to the polymer matrix results in a full order of magnitude improvement in AO
erosion resistance. In addition, several POSS polyrneré are currently orbiting the Earth
While being exposed to the LEO environment on board the International Space Station.
Upon retrieval, these polymers will be examined and the results compared to those
contained herein. POSS incorporation into polymer systems is relatively simple and in
most cases results in superior thermal and mechanical properties of the polymer. The Air
Force is interested in using POSS to improve the survivability of polymers used in space
related applicatons. Further investigations are currently underway to determine how

POSS imparts this superior performance to these polymers.

157
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8.2 Atomic Oxygen Source Characterization

8.2.1 Flux Characterization

The design of the ESD atomic oxygen source described in Chapter 2 has evolved

A%
over the years. Because of this i§is essential to perform a series of experiments which -~

fully characterize the magnitude and composition of the flux produced by the latest
prototype. After using a large number of flux measurement methods, we believe that the
most reliable is the growth of metal oxide films in which the metal deposition rate is
known and stoichiometric oxides are formed [88, 101]. The standard flux measurement
is currently based on the weight loss of Kapton. We plan to determine a flux based on
stoichiometric metal oxide growth rate and then use the same AO source operating
conditions to perform a Kapton erosion study. When an AO-eroded Kapton surface is
exposed to air, it rapidly gains weight thereby making the weight-loss experimental
results dubious. The standard procedure also may be incorrect because it is based on
sources which introduce artifacts into the measurements as described above. We are in
the process of attaching a glove box onto our sample entry point, and we will place a
microbalance accurate to 6 places in the gléve box. Using our source and this
microbalance, we will be able to avoid all of the difficulties encountered in AO-induced
Kapton weight-loss measurements.

Recently, several studies have been published which indicate that the electrical
behavior of semiconducting oxides can be used to monitor flux [137-139]. We plan to
carry out sifnilar tests and calibrate the results with our AO source and known fluxes.

The latest prototype of the AO source produces fluxes just about 10 O
atoms/cm?-s. It is limited by the fact that the membrane material contains Ag. In order

to produce higher AO fluxes, higher membrane operating temperatures are required to
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increase the permeation rate. This results in evaporation of Ag and Ag deposition on the
sample surface which is unacceptable. We are testing a new alloy material which will
avoid this problem, and we anticipate that we will be able to attain AO fluxes of 107 0
atoms/cm®-s. This is about 100 times the actual AO flux encountered in space and will
allow for accelerated testing of spacecraft materials.

8.2.2 Determination of AO Energy Distribution

Thus far, we have determined that most of the AO produced by the ESD source

~— has an energy greater tha?Z eV and that the O" energy distribution forms an upper bound
on the neutral energy distribution. We plan to determine the AO energy distribution by
carrying a time-of-flight experiment. Knowing the flux at given source operating

conditions, we also propose to determine the average energy of the flux using a

bolometer.

8.3 Characterization Of Polymer Surfaces

Thus far, XPS has been used to characterize the surface of these polymers before
and after AO exposure. However, a variety of other techniques are available to conduct
further investigations as to how these surfaces react with AO.

8.3.1 Mass Spectrometry

A high sensitivity quadrapole mass spectrometer is installed in the UHV system

'which could be used to monitor species that are emitted from the polymer during erosion.
This is the counterpart to what remains on the surface and therefore provides useful
information about the erosion process. It also provides useful technological information
because the emitted species in space often collect on other surfaces where they cause

problems such as fogging lenses or windows. The species which are emitted by ion
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irradiation are quite different for the different polymers and both the types of species and
distribution changes with time as the polymer chains are broken during erosion.
Therefore, it would be possible to monitor this species distribution as a function of time

and correlate this information with that obtained from the XPS data.

8.3.2 Infrared Spectroscopy (IR)

Initially, the polymer is quite well defined, but the erosion process is violent both
with respect to chemical effects and sputtering effects which produce a highly fragménted
surface. XPS is useful in identifying a number of the species formed, but the peak
position of many species are quite close so that they cannot be resolved. IR data can
assist in interpretation of the XPS data. The usefulness of this technique has been
demonstrated in studies of high-energy ion irradiation of PMMA [140]. As in the case of
the XPS and MS data, the IR data will change with time so we will take IR spectra after
the same erosion exposures that we take XPS data. The changes in the IR data will also
provide detailed information about the mechanism of the erosion process.

8.3.3 Atomic Force Microscopy/ Secondary Electron Microscopy

During the AO erosion process, the surface morphology of Kapton has been
shown to change. It is initially quite smooth and becomes very rough with AO exposure.
SEM and AFM could be used to monitor the surface morphology as a function of erosion
exposure. It will be interesting to determine if UV exposure as well as AO exposure
alters surface morphology. |

8.3.4 Mechanical and Tribological Experiments

As the chemical nature and morphology of a polymer change during AO erosion,
its mechanical properties such as hardness and wear properﬁes can also change. In some

space applications of polymer surfaces, these properties are of importance. Hardness
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testing and tribological testing on a few POSS-containing copolymer could be done to
determine how these properties change as an SiO; layer is formed during AO erosion. In
the case that all of the POSS copolymers form similar Sidé\?overlayers after AO erosion,
then they should have similar mechanical and tribolo gicai properties. However, since the
SiO; layer formed is very thin, the hardness and wear properties may also depend upon
the nature of the deeper layers. A nano-indenter could be used to measure hardness on
the as-prepared and AO-exposed POSS copolymers by varying the load which varies the
surface sensitivity. In this way, it would be possible to determine if the near-surface
hardness of the AO-exposed POSS copolymers are similar and if the hardness varies with
depth sensitivity. Pin and disk wear studies could also be condupted on selected POSS
copolymers to determine how AO eroéion alters wear properties. Since the wear
properties are strongly dependent upon surface chemical makeup and morphology, we

anticipate that the changes in wear properties will be significant.

8.4 Exploring Synergistic Effects

8.4.1 Effects of UV Radiation

In addition to AO, the space environment also contains UV radiation. This is an
important factor because UV radiation results in bond breakage and emission of surface
species through photqn stimulated desorption. Both vacuum UV (below 200 nm) and UV
which reaches earth (200 to 400 nm) are encountered in the space environment. We
.currently installing two lamps to the AO chamber so that we can carry out AO erosion
studies with and without the presence of VUV and UV light. One lamp will be a
deuterium lamp with a magnesium fluoride window. This systeni provides radiation

between 118 and 200 nm. The other lamp will be a mercury-xenon short arc lamp with a
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quartz window to provide UV radiation betWeen 200 and 400 nm. The photon intensity
at the polymer surface will be varied by changing the distance of the lamp to the sample
and/or the lamp output power. Attempts will be made using calibration data to simulate
the space environment as well as possible.

8.4.2 Effect of Temperature

In space the temperature of the polymer surfaces vary considerably depending
upon the geometrical relationship of the surface with respect to the sun. To our
knowledge, temperature effects have not been examined in AO erosion studies. We are
currently incorporating the ability to heat and cool samples over the range of —100 to
500°C during AO exposure. We will select several POSS-containing copolymers and
examine their AO-erosion properties as a function of temperature. It may be that the
energetic collision of the AO with the polymer surface determines the reaction
characteristics, but other processes such as diffusion of subsurface species to the surface
may be quite temperature dependent. Therefore, these studies require consideration.

8.4.3 Effect of Total AO Fluence

Thus far we have carried out AO exposures for about 60 hrs at a flux equivalent to
that in space while spacecraft are bombarded by AO for years so we do not know if
further changes will occur. = Even if further chemical changes are small, the
morphological changes could be quite significant. Therefore, we propose carrying out
Jonger exposures. This will be relatively easy if our new AO source prototype can attain
ﬂuxés of 10!7 AO/cm®-s. A 7-day exposure in our system would be similar to a 2-year

exposure in space. We will use the characterization methods described above to examine

these samples.
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8.4.4 Exposures to Different Gases

Previous studies [120, 121] demonstrated that both ion irradiation and AO
bombardment of polymer surfaces result; m highly chemically reactive surfaces. We
attribute this as due to broken bonds which are unable to crosslink due to geometrical
bonding constraints. The fact that this happens is beneficial for us because it gives us
another way of characterizing the surface to obtain fundamental information about the
mechanism of erosion. We could expose the AO-exposed surfaces to gases such as Oy,
N,, CH,, H,0 and possibly others. We could also characterize the surfaces with XPS and
IR to determine what chemisorbed on the surface and which species formed. This will
provide information about the nature of the reactive species formed on the polymer
surfaces during AO erosion. The gases exposures could be carried out in the preparation
chamber which contain the recently installed IR instrumentation. With this setup, it
would be possible to dose at high pressures (~ 1 atm) and simultaneously monitor the
changes at the surface with IR.

8.4.5 Influence of Sputter Effects

Our previous studies [121] suggest that the 5 €V AO has enough kinetic energy to
cause sputtering of atoms and ions off the surface. Since the AO is chemically reactive, it
is not possible to isolate the influences of the chemical and sputtering effects. We
propose to use 5 eV Ne atoms to study the effect of sputtering. The 5 eV Ne atoms will
be produced by a fast—atomr beam source (FABS) which we are currently building. The
FABS will be located in the same chamber as the AO source so we will be able to
determine the effects of the 5 eV Ne-exposed surface using XPS and IR without air
exposure. We could also determine if reactive surfaces are formed using the gas

chemisorption experiments described above. If sputtering occurs at a significant rate,
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then both atoms and positive ions will be sputtered off the surface. We also have a
secondary ion mass spectrometry (SIMS) system Jocated in the atom source chamber.
We could use the 5 eV Ne as the excitation to perform a SIMS experiment to monitor any

positive ions emitted by sputtering.
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